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A b s t r a c t
This thesis proposes an outline for a framework for an evaluation m ethod that takes as an 
input a model of an artificial hand, which claims to be anthropomorphic, and produces as 
output the set of tasks that the hand can perform. The framework is based on studying the 
literature on the anatomy and functionalities of the human hand and methods of implementing 
these functionalities in artificial systems. The thesis also presents a partial implementation of the 
framework which focuses on tasks of gesturing and grasping using anthropomorphic postures. 
This thesis focuses on the evaluation of the intrinsic hardware of robot hands from technical and 
functional perspectives, including kinematics of the mechanical structure, geometry of the 
contact surface, and functional force conditions for successful grasps. This thesis does not 
consider topics related to control or elements of aesthetics of the design of robot hands.
The thesis reviews the literature on the anatomy, motion and sensory capabilities, and 
functionalities of the human hand to define a reference to evaluate artificial hands. It 
distinguishes between the hand’s construction and functionalities and presents a discussion of 
anthropomorphism that reflects this distinction. It reviews key theory related to artificial hands 
and notable solutions and existing methods of evaluating artificial hands.
The thesis outlines the evaluation framework by defining the action manifold o f the 
anthropomorphic hand, defined as the set of all tasks that a hypothetical ideal anthropomorphic 
hand should be able to do, and analysing the manifold tasks to determine the hand capabilities 
involved in the tasks and how to simulate them. A syntax is defined to describe hand tasks and 
anthropomorphic postures. The action manifold is defined to be used as a. functional reference to 
evaluate artificial hands’ performance.
A method to evaluate anthropomorphic postures using Fuzzy logic and a method to evaluate 
anthropomorphic grasping abilities are proposed and applied on models of the human hand and 
the InMoov robot hand. The results show the m ethods’ ability to detect successful postures and 
grasps. Future work towards a full implementation of the framework is suggested.
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1
Introduction
T h i s  t h e s i s  s t u d i e s  a n t h r o p o m o r p h i c  a r t i f i c i a l  h a n d s  and methods to evaluate their 
performance. This chapter outlines the research and its approach. This chapter distinguishes two 
views on human and artificial hands: the physical and the functional view, and describes how 
they shape our research. Finally, it describes some terminology used throughout the thesis.
I n t r o d u c t i o n
This thesis proposes an outline for a framework for an evaluation algorithm that takes as an input 
a model of an artificial hand, which claims to be anthropomorphic, and produces as output the 
set of tasks that the hand can perform and the set of tasks which it cannot perform. The thesis 
also presents a partial implementation of the framework which focuses on tasks of gesturing and 
grasping using anthropomorphic postures.
The importance of the human hand in our daily life is undeniable. We continuously use our 
hand to interact with our surroundings and other individuals. Therefore it is only natural that the 
field of robotics would aim to replicate its capabilities.
However, the progress in developing capable artificial hands has been slow compared to the 
development of devices to replicate other human capabilities such as vision. Several factors con­
tribute to this phenomenon, including the variety of tasks the hand can do, construction com­
plexity, and low public demand for artificial hands compared to, for example, the demand for 
cameras.
One particular factor; the variety of hand tasks, leads to many devices being designed for par-
ticular tasks to minimise development costs. This functional compromise means that the device 
may not necessarily perform all the tasks that a user desires.
In order to address this limitation, this thesis studies the construction and uses of human and 
artificial hands and methods to evaluate and optimise their performance in order to develop a 
tool that allows developers and users to determine if an artificial hand can perform the tasks they 
desire.
1 .1  M o t i v a t i o n
This thesis focuses on evaluating the gesturing and grasping performance of anthropomorphic ar­
tificial hands. Evaluation can be used during a design process to compare different iterations, or to 
determine whether an optimisation process resulted in performance enhancement. It also allows 
users to determine if a specific artificial hand will be suitable for an intended application prior to 
buying the device and without having to write device-specific code to test each functionality.
Anthropomorphism is required for many applications of artificial hands, Melchiorri and Kaneko
(2008) describe four cases where anthropomorphism is desired in an artificial hand:
• If the device will operate in human-oriented environment, where tasks can be carried out 
by both humans and robots
• If the device will be teleoperated by a human operator, and it is required that the artificial 
hand reproduce the same movements as the human counterpart
• If human-likeness is specifically required, as in entertainment applications
• For prosthetic limbs
Also, studies investigating the phenomena known as “the uncanny valley” indicate that anthro­
pomorphism is a major factor affecting the “acceptance” of robots by the humans.
1 .2  T h e  a p p r o a c h
Given the focus on anthropomorphism, the thesis begins by studying the human hand. It then 
reviews existing artificial hands and solutions. By combining the knowledge of the two areas, the 
thesis proposes a concept of the “ideal” anthropomorphic hand, which reflects how the human 
hand would be like if it was constructed using existing artificial components. This concept is used 
in this thesis as a reference for evaluating artificial hands.
Next, the thesis reviews existing methods of evaluating hands in an effort to identify their 
strengths and shortcomings. It then proposes a simulation-based approach to evaluating hands. 
The approach relies on modelling hands and tasks then attempting to execute the tasks using the 
modelled hand. Task modelling is based on studies reported in the literature involving human 
subjects as well as the mathematical analysis of different aspects such as kinematics and forces
of the tasks. To verify the approach, a computer simulation environment is implemented and 
used to perform the proposed simulations on a model of the human hand as well as a model of an 
artificial hand.
V ie w s  o n  t h e  h a n d
In the analysis of the available knowledge on human and artificial hands, this thesis makes a dis­
tinction between two views: the physical view and the functional view. The physical view refers 
to looking at the construction of the hand, whether its physical existence - human anatomy and 
artificial hardware - and the capabilities that arise from this construction as described by m od­
els and specifications such as kinematic models. The functional view looks at the types of tasks 
performed by the hand, how they are performed, and applications of artificial hands.
i . 3  S t r u c t u r e  o f  t h e  t h e s i s
Chapter 2 conducts a review of the anatomy, capabilities and functionalities of the human hand. 
It looks into the hand s construction, surface properties and sensory capabilities. It also reviews 
functionalities of active sensing, prehension, and non-prehensile skills and describe task charac­
teristics such as motion and contact with external objects.
Chapter 3 reviews the efforts made towards replicating the capabilities and functionalities of 
the human hand in artificial systems. It reviews the components, capabilities and applications of 
artificial hands. It also reviews the concepts of endo and exoskeletal structure and the mathemat­
ics involved in various tasks, especially tasks of grasping and manipulation.
Chapter 4 reviews existing methods of evaluating human and artificial hands and propose an 
approach that combines the strengths of existing methods and provides solutions for their short­
comings. Since the proposed approach is simulation based, some of the existing computer simu­
lation tools are reviewed to determine which existing tools can be used for our evaluation m ethod 
and what new tools are required.
Chapter 5 analyses the tasks of the human hand in order to identify how they can be incor­
porated into our evaluation method. It proposes a task description format that allows modelling 
of various hand tasks and can be used with our evaluation method. The format is also useful for 
robot programming.
Chapter 6 implements a simulation environment and perform the proposed simulations of the 
evaluation method on hand models. The thesis is concluded in Chapter 7 by discussing the overall 
results of this thesis’s approach and proposing future work.
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i  .4  S c o p e  o f  r e s e a r c h
The field of robot hand development is very wide and can include many sub-fields, this thesis 
focuses on the evaluation of the intrinsic hardware of robot hands from technical and functional 
perspectives. This includes different properties of the mechanical structure, physical properties 
of the contact surface and sensory capabilities of the hand. Despite the importance of control 
aspects to the operation of the hand, this thesis does not consider any topics related to control 
such as control strategies, coding, and capabilities of electronic processing hardware. It also does 
not consider elements of aesthetics or how to evaluate the social acceptance of the design of a 
robot hand.
In the study of the human hand, this thesis does not aim to conduct a comprehensive study 
of the performance of the human hand itself, nor does this thesis aim to further investigate the 
hand s biomechanical performance or sensory capabilities. As this thesis only aims to establish a 
reference for evaluating robot hands, there are parts where it ignores the actual properties of the 
hand (such as the dynamic properties) and instead focuses on the outcomes of these factors.
F u n c t i o n a l i t i e s  a n d  c a p a b i l i t i e s
The term “functionality” is used in the literature with different meanings. It is common to use 
the term to describe the motion capabilities of the joints regardless of the actual geometry of the 
biological joint (Grebenstein, 2012). However, this concept relates the low-level functionality of 
the components of the hand rather than the high-level functionality of the whole hand system. 
In this research, it is more suitable to refer to a low-level functionality of a hand component as a 
“capability” of the hand. And use the term “functionality” to refer to the high-level functionality 
of the entire hand system.
To avoid confusion, this thesis makes a clear distinction between the two terms as used in this 
research. This distinction applies only to the use of the word in the original contribution of this 
thesis, and not to references to the literature.
Capability: a certain characteristic of the hand, such as motion or sensory, that exists in the 
hand - and may take part in tasks - regardless of how it is being used by humans and regardless of 
the biological mechanisms of its workings. For example; a joint s motion or skin sensitivity are 
capabilities of the hand.
Functionality: the purposive utilisation of hand capabilities by the human to achieve a certain 
task. For example; grasping or gesturing are functionalities of the hand.
A n t h r o p o m o r p h i s m
This thesis focuses on artificial hands that would be installed on a humanoid robot, or used as a 
prosthetics, and look like the human hand. Therefore, the concept of anthropom orphism  is fun­
damental to this thesis. However, this thesis also acknowledges that anthropomorphism is “nei-
4
ther necessary nor sufficient” to perform the functionalities of the hand (Biagiotti et al., 2004). 
In fact, the designs of robotic hands which are based on mathematical analysis of grasping func­
tionalities [CITATIONS] suggest that anthropomorphism is not the optimal solution to achieve 
successful and efficient grasping. W ith this in mind, it is important to note that the framework 
proposed in this thesis is to be used only when anthropomorphism is explicitly required. Sec­
tion 3.4.1 presents a detailed discussion on the concept of anthropomorphism.
1 . 5  P r o b l e m  S t a t e m e n t
This thesis investigates possible ways to evaluate the ability of an anthropomorphic artificial hand 
to perform the functionalities that can be performed using the human hand. The approach of 
viewing the hand from the physical and functional views suggests that the capabilities of an arti­
ficial hand can be directly determined from its physical constructions, while the functionalities 
involve the utilisation of these capabilities in one way or another to achieve a task. Therefore, the 
problem statement of this research can be formulated as:
• Given the construction and capabilities of an anthropomorphic artificial hand, can its abil­
ity to perform the functionalities of its human counterpart be quantified?
1 . 6  C o n t r i b u t i o n s
This thesis makes the following contributions:
• A new approach to categorising tasks of hand functionalities based on task aim
• A through analysis of several tasks representing different hand functionalities which shows 
the hand capabilities involved in each task and how to simulate the task
• An outline of an evaluation framework to evaluate functional performance of artificial hands
• A syntax to describe hand tasks
• A syntax to describe anthropomorphic hand postures
• A method to evaluate anthropomorphism of hand postures using Fuzzy logic
• A method to evaluate anthropomorphic grasping abilities of artificial hands
1 . 7  M e d i c a l  t e r m i n o l o g y
This thesis uses medical terms that may be uncommon in robotics literature.
1 .7 .1  A n a t o m i c a l  c o o r d i n a t e  s y s t e m
Anatomy literature uses a special coordinate system to describe the location of body parts and the 
direction of motion. This section reviews the elements of this coordinate system that are relevant
to this research.
S t a n d a r d  a n a t o m ic a l  p o s i t i o n  The coordinate system is defined with respect to a static 
reference position called “standard anatomical position”. The hand reference position is; palm 
facing forward and all fingers extended. Usually with the fingers evenly spread out.
A n a t o m i c a l  p l a n e s  Anatomy literature utilises three virtual planes dividing a body part 
(Figure 1.1).
• Sagittal plane divides the hand into radial and ulnar sides (see radioulnar axis below)
• Frontal plane divides the hand into front and back, the front side is the palm
• Transverse plane divides the hand into “far” and “near” parts
F ron tal p la n e  
T ra n sv erse  p la n e
Figure 1.1: Anatomical planes of the human hand
A n a t o m i c a l  a x e s  In the human hand, the three main axes are
• Proximal/distal describes body parts and motion direction to be proximal, i.e near or to ­
wards the arm, or distal, i.e far or heading away from the arm. The main proximal/distal 
axis runs from the base of the hand at the wrist towards the tip of the middle finger. Each 
finger s local axis similarly runs from the finger s base towards the fingertip, i.e the longitu­
dinal axis. This axis is perpendicular to the transverse plane.
• Radioulnar axis describes side direction. As it is confusing to describe “right” and “left” 
directions in the hand, directions are described with respect to forearm bones (radius and 
ulna - Figure 2.2). This is an exclusive arm-hand axis that is not used elsewhere in the 
human body. For example, the thumb is always on the radial side of the hand (Figure 2.1). 
This axis is perpendicular to the sagittal plane.
• Dorsopalmar axis describes the “front” and “back” directions. The palmar direction is 
out of the palm, the dorsal direction is out of the back of the hand. This is also an exclusive 
arm-hand axis. This axis is perpendicular to the frontal plane.
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E q u iv a l e n t  r o b o t i c s  c o o r d i n a t e s  It is common to define the coordinates of a robotic 
system using the right-hand rule. In a robot hand, the x-axis is usually defined along the centre 
line running from the base at the wrist towards the tip of the middle finger. The z-axis is usu­
ally defined perpendicular to the palm, and the y-axis defined according to the right-hand rule. 
The origin of the coordinate frame is defined at the “hand base” or wrist. Table 1.1 describes the 
technical coordinate system used throughout this thesis and the equivalent axes in the anatomical 
coordinates.
Anatomical axis Robotics axis Robotics axis positive direction
Proximal/distal X-axis Distal direction
Radioulnar Y-axis Defined according to right hand rule
Dorsopalmar Z-axis Palmar direction
Table 1.1: Anatomical coordinates and the technical robotics equivalent
1 .7 .2  A n a t o m i c a l  t e r m s  o f  m o t i o n
Similar to the coordinate terminology, anatomy literature uses a defined set of terms to describe 
motion. From a technical point of view, these motions can be categorised into two types: basic 
motion and compound motion. Figure 1.2 shows different motions of the human hand and their 
anatomic terminology.
Basic m otion is a rotation motion that occurs in one joint about one axis. It is usually easy to 
associate such motion with one of the three axes defined above.
• Flexion and extension occurs about the moving segment’s radioulnar axis. Flexion de­
scribes moving a segment in the palmar direction, i.e closing a finger. Extension is the op­
posite motion, i.e opening the finger. Full extension refers to extending the fingers so that 
the hand is as flat as possible. Extending the fingers beyond this position is called hyper­
extension.
•  Abduction and adduction are sideway movements occurring about the dorsopalmar axis. 
Due to the thumb’s high range of motion, some literature describes two types of thumb 
motion as ’’abduction”. Radial abduction occurs about the hand’s dorsopalmar axis, while 
palmar abduction occurs about the hand’s radioulnar axis. Notably, neither of these m o­
tions occur about the thumb’s local dorsopalmar axis or radioulnar axis (see Section 2.2).
• Rotation (pronation and supination) Rotation, also called pronation and supination at 
the forearm, describes the rotation of a part about its proximal/distal axis.
Compound m otion involves multiple joints, an example of this motion is thumb opposition.
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Figure 1.2: Terminology of different hand motions (American Society for Surgery o f  the  
Hand)
E q u i v a l e n t  r o b o t i c s  t e r m i n o l o g y  In robotics, a different terminology is used to de­
scribe rotation about a given axis. Table 1.2 describes the equivalent robotics terminology taking 
into account the axes equivalence described in Table 1.1. Note that direction of positive rotation 
depends on the local axis orientation, there are no direct equivalents that are correct for all cases.
Anatomical terminology Robotics terminology
Flexion and extension Pitch (or tilt)
Abduction and adduction Yaw (or pan)
Rotation Roll
Table 1.2: Anatomical types of motion and the mathematical equivalent used in robotics
2
The Human Hand
It i s  e s s e n t i a l  t o  u n d e r s t a n d  w h a t  i s  t h e  h u m a n  h a n d  before pronouncing any judge­
ment of the state of an artificial hand s proximity to the human hand. This chapter reviews the 
anatomy, models, motion and sensory capabilities, and functionalities of the human hand.
I n t r o d u c t i o n
This chapter reviews the literature studying the human hand. It begins by looking at the hand s 
physical construction and anatomy. Then the motion and sensory capabilities are reviewed. Fi­
nally, the chapter looks at the ways humans use their hands.
This chapter aims to develop a comprehensive understanding of the hand by looking at it from 
different views. This is done to establish a reference that explains what a hand is and what is it 
used for, which is used throughout this thesis to discuss and evaluate artificial hands.
Section 2.1 reviews the hands anatomy, including surface anatomy, musculoskeletal structure, 
sensory aspects in muscles and joints, and the skin. Section 2.2 reviews the hand s motion capa­
bilities and sensitivity. Section 2.3 reviews functionalities of the hand.
In this chapter, any reference to the hand without a prefix refers to the human hand. Due to the 
fact that the human hand is an integrated part of the arm-hand system, and not an independent 
modular system, parts of the arm are occasionally mentioned.
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2.1 A n a t o m y  o f  t h e  h u m a n  h a n d
The hand consists of a palm and five digits: a thumb and four fingers (Figure 2.1). The index and 
middle fingers are referred to as the upper fingers, the ring and small fingers are referred to as the 
lower fingers. The hand has palmar and dorsal surfaces and radial and ulnar borders.
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Figure 2.1: Surface anatomy of the hand (American Society for Surgery of the Hand)
2 .1 .1  B o n e s  a n d  j o i n t s
The hand contains eight carpal bones in the wrist, five metacarpal bones in the palm, two pha­
langeal bones in the thumb and three in each finger (Figure 2.2). The forearm contains two bones 
called radius and ulna. The bones are held together by ligaments, thus forming the joints.
The Carpometacarpal (CM C) joints connect the metacarpals to the carpal bones. Some sources 
describe the Intermetacarpal (IM C) joints between the metacarpals. The Metacarpophalangeal 
(M CP) joints connect the proximal phalanges to the metacarpals. All fingers have two interpha­
langeal joints: the Proximal Interphalangeal (PIP) and the Distal Interphalangeal (D IP). The 
thumb has one Interphalangeal (IP) joint.
Se n s o r y  e l e m e n t s  i n  j o i n t s  Senses are mediated through nerves usually ending at the 
point of information acquisition in sensory receptors. Proprioception is the ability to estimate rela­
tive positions of body parts and muscle effort using only internal information, i.e not vision, from 
the kinesthetic sense which involves receptors in the joints, muscles, and tendons.
Several types of receptors exist in and around the joints; however, these receptors’ provide lim­
ited information. Studies on patients with artificial M CP joints indicate that they are redundant 
and are not the Central Nervous System (CNS) first choice to obtain proprioception information.
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Figure 2.2: Hand and forearm bones and joints (American Society for Surgery of the Hand)
2 .1 .2  M u s c l e s  a n d  t e n d o n s
The muscles controlling the hand are categorised based on location into two groups: intrinsic and 
extrinsic. Intrinsic muscles are located in the palm, they are involved in the motion of the thumb, 
small finger, and fingers’ abduction. Extrinsic muscles are located in the forearm and control most 
of the flexion and extension motion. Muscle forces are transmitted to the joints through a complex 
network of sheathed tendons.
Se n s o r y  e l e m e n t s  i n  m u s c l e s  Receptors that respond to mechanical strain are known as 
mechanoreceptors. Muscles contain three types of mechanoreceptors. The primary and secondary 
spindle receptors lie in parallel with muscle fibres and signal velocity and direction of motion and 
static muscle length. A third type, called the Golgi tendon organs, is attached in series between 
tendons and muscle fibres and are very sensitive to force.
2 .1 .3  S k i n
The glabrous skin on the palmar surface of the hand is thicker and more sensitive than the hairy 
skin on the dorsal side. It folds during flexion along the creases (Figure 2.1). Some of these creases 
mark the locations of the joints. The distance from the M CP joint to the palmar digital crease is 
called the web height (Alexander and Viktor, 2010). There is no web height for the thumb as the 
crease lies directly above the thumb’s M CP joint. Fingertips consist of soft tissue which extends 
beyond the end of the bone segment. The tip length is the distance from the end of the bone to 
the end of the digit (Alexander and Viktor, 2010).
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S e n s o r y  e l e m e n t s  i n  t h e  s k i n  There are four types of mechanoreceptors in the glabrous 
skin. The number and spatial distributing of receptors vary across the hand, with higher den­
sity at fingertips followed by phalanges then the palm, this results in improved acuity at denser 
locations. Two types of free nerve endings in the skin, known as cold thermoreceptors and warm 
thermoreceptors, respond to cold and warm thermal stimulation respectively.
2 . 2  H u m a n  h a n d  m o t i o n  a n d  s e n s o r y  c a p a b i l i t i e s  
2 .2 .  i  K i n e m a t i c s  o f  t h e  h u m a n  h a n d  m o t i o n
Many kinematic models have been proposed in the literature for the hand. Stillfried and Smagt
(2009) used MRI imaging to analyse the hand motion and proposed a model with 2iDegree(s) 
of Freedom (DoF) for the digits and 3D0F for the palm. The model positions three 1D0F IMC 
joints between bases of the metacarpals and joins the thumb with a 2D0F orthogonal but non­
intersecting joint. A low-polygon skeletal 3D model is implemented in the OpenSim environ­
ment and released open source. Gustus et al. (2012) used MRI imaging and optical motion cap­
ture to analyse the hands motion. They describe the same model as Stillfried and Smagt (2009).
Weghe et al. (2004) and Deshpande et al. (2013) proposed a 25D0F model with 4D0F per 
finger, 5D0F thumb with non-orthogonal and non-intersecting axes, 2D0F at the wrist, and ad­
ditional 2D0FS for each of the bases of the lower fingers. MCP abduction-adduction axes are 
inclined by 6o° relative to the metacarpal for “more accurate” approximation of the biological 
motion. DEXMART (2009) researchers used optical motion capture devices and MRI data to 
construct a kinematic model of the hand. They analysed joints motion and interdependencies 
and proposed a 25D0F model that includes a 5D0F thumb. Pitarch (2007) analysed the hand 
articulations and concluded with a 25D0F model. The thumb has 5D0F with orthogonal and 
intersecting axes, 4D0F for each of the upper fingers, and 6D0F for each of the lower fingers to 
account for palm motion.
J o i n t s ’ m o t i o n  a n d  t y p e s  CMC joints are capable of flexion and radial-ulnar abduction. 
Except for the thumb, these joints have a very limited motion that increases from the second to 
the fifth digit. M CP joints are capable of flexion and abduction. IMC and interphalangeal joints 
are capable of flexion only. The thumb has higher mobility in the CM C joint than the fingers. 
Despite the occurrence of axial rotation during thumb opposition, this motion is “constrained” 
and “not considered a true third degree of freedom” (Jones and Lederman, 2006).
Anatomically, the joints are categorised into three types: hinge, condyloid and saddle joints. 
Hinge joints are 1D0F joints, condyloid, and saddle joints are 2D0F joints. Interphalangeal and 
IMC joints are hinge joints. CMC and M CP joints are condyloid joints, except the thum b’s CM C 
which is a saddle joint. The technical equivalent of hinge joints are revolute joints. The closest 
technical equivalent of condylid and saddle joints are universal joints.
A n t h r o p o m e t r i c s  Many developers of human hand kinematic models rely on anthropo­
metric data to define link dimensions, joints’ Range of Motion (RoM ), and axes locations (Desh- 
pande et al. (2013), Pitarch (2007), Kumar (2012)). However, there is much disagreement in the 
literature considering these values (Deshpande et al., 2013). Hands of different human individu­
als varies considerably in bone dimensions, proportions, joint position, and RoM with negligible 
effect on manual abilities (Grebenstein et al. (2010), Alexander and Viktor (2010)).
S p e c i a l  k in e m a t ic  f e a t u r e s  o f  t h e  h u m a n  h a n d  m o t i o n
In t e r d e p e n d e n c i e s  Hand joints move in patterns due to the complex tendon network. This 
reduces the number of postures the hand can assume. There are two types of dependency rela­
tions: interdigital dependencies between joints of different fingers and intradigital dependencies 
between joints of the same finger. Santello et al. (1998) studied these relations and proposed a 
synergy model for the human hand based on Principle Component Analysis of grasping postures.
• MCP axes relations M CP joint is capable of yaw and pitch. However, yaw range of motion 
is inversely proportional to pitch angle and turns into axial rotation (roll) at 90° pitch.
• PIP-DIP coupling It is common in the literature to correlate the motion of the last two 
joints of the fingers. This correlation is considered to have a PIP:DIP ratio of 3:2.
Figure 2.3: MCP yaw motion converts to  roll motion at 90° pitch (Grebenstein, 2012)
Pa l m  a r c h i n g  The higher range of motion in the CMC joints of the lower fingers allows the 
palm to curve over grasped objects with cylindrical or spherical surface, possibly enhancing grasp 
security (Figure 2.5). The motion of the CMC joints producing this effect is correlated by an 
approximate ratio of 2:1 for the little to ring finger (DEXMART, 2009).
In c l i n a t i o n  o f  j o i n t s  Flexion of the fingers’ interphalangeal joints results in a slight change 
in fingertip orientation. At full flexion of PIP joints, the longitudinal axes of all fingers intersect 
at one point (Figure 2.4). This means that the joint axes are not orthogonal to the sagittal plane. 
The interphalangeal joints of the ring and small fingers are inclined by about 5°-9° and io°-i4° 
respectively (Grebenstein, 2012). The change in orientation may serve to enhance the opposition 
of the fingers to the thumb.
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T h u m b  o p p o s i t i o n  The high mobility of the thumb s CMC joint allows it to move out of the 
palms frontal plane and change orientation to face the fingers. This feature is very important as 
it provides - along with the fingers - the opposing forces necessary for a successful grasp. Many 
models have been proposed to explain this motion feature.
The thumb is usually modelled as 4, 5, or 6D0F serial link with three joints. Most literature 
agrees on 5D0F models. Few models suggest the presence of a constrained sixth DoF: a coupled 
axial rotation in the proximal phalanx that allows the thumb to change orientation. Recent models 
explain the opposition feature using non-intersecting and non-orthogonal axes for the CM C and 
M CP joints (Figure 2.6). These models claim to explain the thum bs motion more accurately than 
models with intersecting and orthogonal axes.
Figure 2.6: Anatomical axes of the human 
thumb (Chang and Matsuoka, 2006)
H orizontal plane
Figure 2.7: Natural twist angle of the hu­
man thumb (Saliba and Axiak, 2007)
T h u m b  t w i s t  Unlike the fingers, the thum bs pads at full extension are not parallel to the 
palm; instead, they are rotated about the thumb axis by about 6o°-jo° towards the palm (Fig­
ure 2.7).
2 .2 .2  M o t i o n  o f  t h e  s k i n
The flexibility of the skin, its compliance, and the way it is attached to the bones cause the skin 
to deform during motion. Therefore, a kinematic model on its own cannot explain the hand s
1 4
surface geometry at all configurations.
van Nierop et al. (2007) describe a kinematic model covered with a “variable mesh” skin model 
(Figure 2.8). They divide the surface into different regions with different characteristics. Some 
areas are modelled using static faces, while areas near the joints and creases are modelled using 
dynamic faces. The middle finger is modelled in five segments, which are replicated and scaled 
to create models for other fingers. The palm is modelled in fifteen segments. The model in total 
comprises forty segments made of 1,000 static faces and 250 dynamic faces.
Extension Neutral Flexion
Ulnar view Dorsal view Volar view
Figure 2.8: Natural Human Hand Model (van Nierop et al., 2007)
2 .2 .3  S e n s o r y  c a p a b i l i t i e s  o f  t h e  s k i n
The cutaneous system comprises multiple submodalities. The two submodalities of interest to 
this thesis are tactile and temperature. Tactile submodality relies on mechanoreceptors and in­
volves perception of pressure, vibration and texture. Temperature submodality uses therm orecep­
tors to detect warmth and coldness over a certain range.
There are two types of stimulation events described in the literature: stimulating a passive sta­
tionary hand with a stationary object, i.e “passive static”, and moving an object while in contact 
with the stationary hand, i.e “passive movement” (Jones and Lederman, 2006). The importance 
of this distinction relates to the resulting perception and the involved receptors.
Studies make a distinction between two types of parameters: sensitivity and resolution. Sensi­
tivity pertains to intensity related measures, including minimum and maximum detectable values 
and the smallest detectable variation, i.e intensity resolution. Resolution (without the “intensity” 
prefix) relates to “spatial and temporal resolving capacities”.
Ta c t il e  s u b m o d a l i t y  Skin sensitivity to pressure varies between body sites. Humans are 
able to “scale” normal and tangential forces of around 0.15-0.7 N magnitude, though sensitivity 
to tangential forces is lower than that to normal forces (Jones and Lederman, 2006). The spatial 
resolution of the skin is “about 2-4 mm on the fingertips and 10-11 mm on the palm”. As for 
temporal resolution, the minimum duration between two successive inputs to be perceived as
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separate inputs is around 5 ms. There are many perceptual experiences described in the literature 
that relates to tactile submodality:
• Touch: detection of contact with an external stimulus.
• Pressure: estimation of the magnitude of pressure/force of the stimulus.
• Shape: estimating the local 3D geometry features of the contact area.
• Vibration: estimating the vibration frequency of stimulus.
• Weight: a limited estimation of weight can be obtained through the perception ofpressure.
Other perceptions are experienced with a passive movement stimulus, such as motion speed, m o­
tion direction, and surface texture.
T e m p e r a t u r e  s u b m o d a e i t y  Studies indicate that “young adults” were able to detect a change 
in temperature from a baseline of 33°C “as small as o.i6°C  and o .i2°C ” on the fingertips and 
0.1 i°C  and o.o7°C on the palm for warmth and cold respectively. The hand is more sensitive to 
cold than to warmth. Temperature sensing exhibits “spatial summation” sensed values are not 
resolved with high resolution but “summed” across the area of contact.
2 . 3  F u n c t i o n a l i t i e s  o f  t h e  h u m a n  h a n d
S e n s o r im o t o r  c o n t i n u u m  Jones and Lederman describe a framework which “con-
ceptualise hand functions along a continuum that ranges from activities that are essentially sen­
sory in nature to those that have a strong m otor com ponent”. The “continuum” describes four 
categories each representing a “comprehensive set of prim ary manual functions” (Figure 2.9).
Tactile sensing refers to sensations resulting from contact between a stationary hand and a sta­
tionary or moving surface. These are “not typically used to learn about the properties of external 
objects” and are more consistent with our definition of hand capabilities covered in Section 2.2. 
Therefore this thesis follows a shorter continuum which excludes tactile sensing.
Active haptic sensing refers to tasks where the hand is moved “voluntarily over a surface or ob­
ject” to learn about its properties. These senses rely on “receptors embedded in skin, muscles, 
tendons, and joints”, hence the use of the term “haptic”. Prehension category refers to “activities 
in which the hand reaches to grasp an object”. Non-prehensile skilled movements is “diverse class of 
activities” ranging from gesturing to “depressing the keys on a keyboard”.
Ta s k  c h a r a c t e r i s t i c s  Dollar (2 0 1 4 )  describes a taxonomy for categorising “manipulation 
behaviour” (Figure 2 .1 0 ). The “hand-centric, motion-centric taxonomy” categorises tasks based 
on presence of five characteristics. The paper also describes classifying “complex tasks” such 
as “time-separated sequences”, “simultaneous bi-manual tasks”, and “simultaneous within-hand
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Figure 2.9: Sensorimotor continuum of hand functions (Jones and Lederman, 2006)
tasks”. Bi-manual tasks are described “by the individual tasks being performed by each hand” 
Time-separated sequences and tasks performed simultaneously within-hand, such as “thumb- 
typing on smartphone” are described as “as the sum of the discrete sub-components”. Finally 
the paper proposes to describe “dexterous within-hand manipulation” according to “rotation and 
translation” of the object “along hand coordinate axes” (Figure 2.13).
2 .3 .1  A c t i v e  h a p t i c  s e n s i n g
Klatzky et al. (1985) studied the movements humans performed with their hands during man­
ual exploration of objects and found that the movements were “purposive and systematic” even as 
“subjects were unaware of what they did with their hands” They describe six Exploratory Proce­
dures (EP) and the object’s property associated with each:
• Lateral Motion: repetitive lateral rubbing motion, associated with texture.
• Pressure: applying normal force to surface or torque about an axis, associated with hardness.
• Static Contact: stationary contact on surface without molding, associated with temperature.
• Unsupported Holding: lifting an object of any supporting structure, associated with weight.
• Enclosure: molding the palm or fingers around an object, associated with volume.
• Contour Following: dynamic edge following (usually using fingertips), associated with shape.
They also describe two other EPs associated with object’s “function” and moving parts. These 
EPs are not considered in the rest of their studies or other literature on the subject.
• Function Test: examining the object’s “function”.
• Part Motion Test: examining the object’s moving parts.
Klatzky and Lederman (1993) defined four parameters to differentiate between EPs:
• Movement: hand movement during information acquisition period: static or dynamic.
• Direction of applied force: normal or tangential to the object’s surface.
• Region of object explored during performing the EP: edges and /or surface.
• Workspace constraint: or position relative to the workspace: “whether there are workspace, 
constraints - i.e support-surface requirements - on the position of end-effector and object”.
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They reflect on “the extent to which EPs may be performed in tandem or very close in time” 
The values of the above parameters (Table 2.1) affect the compatibility between EPs:
Because the parameters pertain not only to aspects of movement but also to the 
geometry of the object and the object/workspace relation, our definition of com­
patibility extends beyond the notion of simple motoric compatibility.
Sa l ie n c e  o f  h a p t i c  a n d  v i s u a l  i n f o r m a t i o n  Klatzky et al. (1985) found out that sub­
jects would “attend more to material than geometric properties” when performing haptic explo­
ration only while they would “emphasise the geometric properties more strongly” when vision 
was used. This indicates that “vision would be considerably more efficient than any haptic EP at 
extracting geometry but less effective at extracting material properties”. The opposite is also true. 
If subjects are asked to sort objects by touch they would sort based on material properties, if they 
were asked to sort based on material properties they would use haptic exploration methods.
Movement Direction Region Workspace
Constraint
Lateral Motion dynamic tangential surface no
Pressure dynamic normal surface no
Static Contact static normal surface no
Unsupported Holding static normal surface-and-edges yes
Enclosure static normal surface-and-edges no
Contour Following dynamic tangential edges no
Table 2.1: Values of EPs on the four distinction parameters (Klatzky and Lederman, 1993)
2 .3 .2  P r e h e n s i o n
This category includes the motion of reaching to grasp an object, the act of actually grasping it, and 
subsequent manipulation of the object. Studies on the reach-to-grasp tasks are performed inde­
pendently from studies on grasping and manipulation and emphasises the kinematics component 
of the hand and arm motion (Jones and Lederman, 2006). Studies on grasping and manipulation
"Lateral Motion" "Pressure" "Static Contact" "Cnsupported "F.nclosure" "Contour
Holding" Following"
*
(texture) (hardness) (temperature) (weight) (global shape) (global shape)
(solnnie) (exact shape)
Figure 2.11: Main EPs and their associated properties (Lederman and Klatzky, 1987)
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“generally start at the point of contact with the object” and investigates kinematics, dynamics, 
and sensory aspects of the task.
R e a c h i n g  t o  g r a s p  m o v e m e n t  Reaching to grasp movement aims to position the hand in 
a pose that allows the hand to grasp the object. It mainly involves a global positioning motion 
carried out by the arm. However, during this motion, the hand also assumes an internal posture 
the brings the contact surfaces of the palm and digits quickly as close as possible to the surface of 
the object to be grasped. This precedes closing the digits until a successful grasp is obtained.
G r a s p i n g  a n d  g r a s p  t a x o n o m ie s  Cutkosky (1989) studied human “grasp choices” and 
categorised them in a hierarchy of seventeen grasps grouped into two grasp types: power and 
precision grasps. Power grasps refer to holding an object firmly, normally with the palm and all 
digits wrapped around the object. Precision grasps refer to holding an object using the tips of - all 
or a subset of - the digits.
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Figure 2.12: Feix grasp taxonomy (Feix et al.t 2009)
Feixetal. (2009) surveyed the literature and identified thirty three different grasps (Figure 2.12). 
They define a grasp as a “very static hand posture with which an object can be held securely with 
one hand”. Therefore they ruled out “intrinsic movement”, “bimanual tasks” and two “gravity de­
pendent” grasps found in the literature: the “Flat Hand Grasp” and the “Hook Grasp”.
They categories grasps according to grasp type, thumb position, “opposition type”, and “virtual 
fingers” (see Section 3.1). W ith respect to grasp type, Feixetal. (2009) point out that some grasps
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are described in the literature as “intermediate” These characteristics are not sufficient to uniquely 
identify each grasp, but can be used to categorise them into seventeen types.
W i t h i n - h a n d  m a n i p u l a t i o n  Dexterous within-hand manipulation refers to moving the 
digits so as to change the object s pose with respect to the hand s frame while maintaining a pre­
cision grasp. Dollar (2014) proposed to categorise within-hand manipulation according to “ro­
tation and translation” of the object “along hand coordinate axes” (Figure 2.13).
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Figure 2.13: Dexterous within-hand manipulation classification (Dollar, 2014)
2 .3 .3  N o n -p r e h e n s i l e  s k i l l e d  m o v e m e n t s
The last category on the sensorimotor continuum covers a wide range of hand uses that does not 
involve prehension. Jones and Lederman (2006) describe four sub-categories (Table 2.2).
Gestures Pointing and aiming Keyboard skills Bimanual music skills
Gesticulations Pointing Typing Playing stringed instruments
Quotable gestures Aiming Piano playing Playing wind instruments
Sign language 
Finger spelling
Finger tapping Playing percussion instruments
Table 2.2: Non-prehensile skilled movements (Jones and Lederman, 2006)
G e s t u r e s  a n d  s i g n s  Gestures are hand movements that symbolise a meaning. Gestures can 
be made as part of normal speech which are known as gesticulation, used when speech is restricted
due to temporary conditions which are called quotable gestures, or used as a substitute for speech 
such as in sign languages. Gestures of sign languages are called signs. Common words, such as 
“please” and “apple” are normally represented by a single sign. Uncommon words can be “spelt” 
using finger spelling. Signs have three “components”: location, hand shape, and movement. All com­
ponents occur simultaneously and a change in any component, depending on the language used, 
could result in a different meaning. The language used in the United Kingdom in known as British 
Sign Language (BSL). BSL signs are further discussed in Chapter 5.
P o i n t i n g  a n d  a i m i n g  Pointing refers to moving the arm and hand toward the direction of a 
target defined via visual or proprioceptive feedback. The task may involve contact with the target. 
Aiming movements differ from pointing in that contact always occurs and - as a result - the task 
involves higher spatial accuracy constraints. Aiming tasks may also be performed using a grasped 
tool, i.e a stylus, thou the task itself remains non-prehensile as the tool is not the target of the task.
K e y b o a r d  s k i l l s  The third group contains a set of tasks that involve using the fingers to press 
keys. Typing relates to the task of typing on a keyboard, i.e a computer keyboard or a typewriter. 
The task requires the ability to press a sequence of keys in a specific order with any force above the 
force necessary to activate the key. The speed of performing the task is not crucial to the success of 
the task. Piano playing is similar to typing but with higher constraints. In this task, the timing and 
force of pressing the keys have a significant effect on the task performance. Finger tapping  relates 
to tasks where timing is important but the force is not, such as operating a Morse code transmitter.
B i m a n u a l  m u s i c  s k i l l s  The fourth group encompasses tasks of playing stringed, wind, or 
percussion musical instruments. These tasks require a long time of “explicit training to develop 
expertise”. These tasks “has received very little attention” and are mainly studied from the per­
spective of tissue damage and effect on the m otor and sensory cortices in the brain.
2 . 4  D i s c u s s i o n
The human hand has a complex construction that gives rise to motion and sensory capabilities. 
These capabilities are used to perform many functionalities in a specific way. This suggests that an 
anthropomorphic artificial hand should approximate the human hand physically and functionally.
However, given the human hand complexity, it is important to determine the aspects that con­
tribute to anthropomorphism  and how far an artificial hand needs to approximate the human hand. 
This requires knowing how the construction, capabilities, and functionalities of the human hand can 
be artificially replicated. Therefore, Chapter 3 reviews artificial hands and formulates a definition 
of anthropomorphism  to be used in this thesis.
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2 .4 .  i  O b s e r v a t i o n s  o n  h a n d  f u n c t i o n a l i t i e s
W ith regard to functionalities, there are two main observations on the task goals and components 
that are important to the analysis of the hand functionalities in Chapter 5 which determines how 
to simulate the tasks and quantify a hand s performance.
O b s e r v a t i o n s  o n  t y p e s  o f  t a s k  g o a l s
Tasks of active sensing functionalities aim to acquire information about objects. This will be called 
hereinafter information exchange between the hand and object.
Grasping tasks aim is to hold the object in a static position with respect to the hand, although 
the hand itself may move, i.e static grasping. Within-hand manipulation aims to hold the object and 
move it with respect to the hand while holding it.
Tasks of keyboard and bimanual music skills aim to “manipulate” a target object without holding 
it. This will be called force exchange. “Gesturing” and “pointing and aiming” tasks do not necessarily 
involve contact with an object, consequently they do not involve any force or information exchange. 
The main aim of gesturing tasks is to communicate with other humans. This will be called visual 
expression since the communicated meaning is propagated through the “shape” of the gesture and 
is meant to be received visually.
O b s e r v a t i o n s  o n  t h e  r o l e s  o f  a r m , h a n d , a n d  c o n t r o l l e r  i n  m a n u a l  t a s k s
Functionalities described in the literature involve tasks that are carried out using the entire arm- 
hand system. This, and the fact that this thesis focuses on the hand and excludes the arm, intro­
duce the necessity to distinguish between the role of the hand and that of the arm.
Therefore, this thesis uses three terms to make this distinction: manual task, hand task and arm  
task. M anual task refers to a task that is carried out by the arm-hand system. H and task refers to 
the component of the task that is carried out by the hand itself, i.e digits of the hand. A rm  task 
refers to the component of the task that is carried out by the arm. For example, in sign language 
where a sign contains posture, location, and motion components, the hand task includes posture 
and within-hand motion, while the arm task includes location and global motion.
A controller is necessary to use the arm-hand system to carry out functionalities. This seemingly 
contradicts with the thesis focus on the hand and excluding control. To resolve this conflict, a bor­
der is defined in Chapter 3 between the hand and the controller as an interface that conceptualises 
the hand as an input/output device. It is also necessary to define the hand capabilities required 
by the controller to carry out a task so as to be able to evaluate a hand s ability to perform the task 
without having to implement a controller. This is covered in Chapter 5.
Many tasks are only possible due to the skilful utilisation of hand capabilities by the brain. 
Therefore, this thesis differentiates between prim itive and skillful tasks. A  prim itive task is defined 
as any manual task that an adult human would be able to perform without training, such as grasp­
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ing. A  skillful task is a task that requires extensive training and usually only performed by special­
ists, such as playing musical instruments. The remainder of this thesis focuses on primitive tasks.
C h a p t e r  c l o s u r e
The purpose of this chapter is to gain a comprehensive understanding of the human hand which 
explains what constitutes an anthropomorphic hand, what it should do, and how. This chapter 
reviewed the hand anatomy and motion and sensory capabilities. This chapter also reviewed 
the tasks performed by humans using their hands and some of the notable work done toward 
analysing and categorising these tasks.
The distinction made in this thesis between the physical aspects of the hand and its functional 
role allows for a comprehensive understanding of the hand. W ith these two views in mind, it is 
concluded that for an artificial device to be considered anthropomorphic it needs to physically and 
functionally approximate the human hand. However, given the complexity of the human hand, the 
extent to which an artificial hand needs to approximate it and what particular aspects contribute 
to anthropomorphism are in question. To address this, the next chapter reviews artificial solutions 
that aim to replicate aspects of the human hand and defines a concept of anthropomorphism which 
is used as a reference to evaluate artificial hands.
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3
Artificial Hands And Solutions
It i s  n e c e s s a r y  t o  u n d e r s t a n d  t h e  w o r k i n g s  o f  a r t i f i c i a l  h a n d s  in order to compare 
them with the human hand. This chapter reviews key theory related to artificial hands and notable 
solutions and discusses the literature in light of the information on the human hand presented in 
the previous chapter to formulate the definition of anthropomorphism used in this thesis.
I n t r o d u c t i o n
Artificial hands are extensively studied and developed in academic, industrial, and hobbyist fields. 
This is done for a variety of applications, including automation of manufacturing processes, un ­
derstanding the biological counterpart, replacement of lost limbs, and entertainment. The out­
comes of these attempts vary considerably depending on the field and application.
This variation, and the complexity of the human hand, gives rise to the question of to w hat 
extent does a device needs to approximate the human hand to be considered anthropomorphic? To 
address this question, this chapter reviews and discusses the literature on artificial hands in light 
of the information on the human hand reviewed in Chapter 2.
Some important background theories are reviewed in Section 3.1. Section 3.2 reviews key an­
thropomorphic artificial hands. Section 3.3 reviews artificial hand applications. Section 3.4 dis­
cusses the concept of anthropomorphism, the components of artificial hands, and the borders be­
tween the hand, arm, and controller.
In this chapter, any reference to the hand without a prefix refers to artificial hands.
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3 .  i  G e n e r a l  t h e o r y
3 .1 .1  M o d e l l i n g  m o t i o n  a n d  f o r c e s
A common type of robotic mechanisms is the serial link structure, which is commonly modelled 
using Denavit-Hartenberg (D H ) parameters. DH parameters allow describing serial links using 
only four parameters per link. This results in better computational efficiency; however, it neither 
allows for modelling exact locations of joints nor defining arbitrary coordinate frames for each 
link. It is common to model artificial hands as a set of serial link structures, one for each digit.
The motion of a body in Cartesian space can be described as a translational/linear velocity 
along a direction in a reference frame plus a rotational velocity about the axes of that frame. The 
translational and rotational velocities are collectively known as the twist of the body. Similarly, 
forces acting at any point can be described in terms of a linear force and a rotational moment, and 
the two components are collectively referred to as a wrench.
A manipulator Jacobian matrix allows for mapping the twists and wrenches of the joints of the 
mechanism to the twists and wrenches of a point of interest, usually the manipulator end-effector.
3 .1 .2  C o n t a c t  i n t e r f a c e s
A contact interface, or model, describes the forces and velocities that can be transmitted through 
a contact as well as the allowed relative motion between the bodies in contact. There are two main 
categories of contact models: rigid-body models and compliant models. Rigid-body models do 
not allow deformation at points of contact. Forces in these models could arise from two sources, 
the incompressibility and impenetrability constraint, and the surface friction. Compliant models 
allow for surface deformation at points of contact due to external forces. Interaction forces thus 
depend on a compliance (or stiffness) model that describes the relation between the surface de­
formation and applied forces. Due to the complexity of accurate and detailed compliant models, 
it is more common to use a reduces-order quasi-rigid-body model, which allows modelling of 
compliant materials in a way compatible with conventional robotics analysis methods.
Three types of contact models are commonly used in the literature on artificial hands: Point- 
contact-without-Friction (PwoF), Hard-Finger (H F) and Soft-Finger (SF). PwoF “is used when 
the contact patch is very small” and the surfaces in contact are slippery, therefore “only the nor­
mal component of translational velocity” and force is transmitted through the contact. HF “is 
used when there is a significant contact friction but the contact patch is small” therefore all com­
ponents of translational velocity and force are transmitted through contact. SF is used when “the 
surface friction and the contact patch are large enough to generate significant friction forces and a 
friction moment about the contact normal”; therefore, all translational velocity and force compo­
nents, and the normal component of the angular velocity and moment, are transmitted through 
the contact. It is common to use the HF and SF models with a Coulomb friction model, which
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states that to avoid slipping, a contact force must lie withing the “friction cone” whose half-angle 
is defined as ($ =  tan ~ l p, where \i is the coefficient of friction between the two surfaces.
Motion between contacting surfaces can be rolling or slipping. Contact motion is rolling if and 
only if there is zero tangential velocity and acceleration at contact. The motion is slipping is the 
relative tangential velocity between the contact points is nonzero.
3 .1 .3  T h e o r y  o f  g r a s p i n g
Grasping and manipulation are the most studied artificial hands’ functionalities. Several methods 
have been developed to achieve stable grasping and within-hand “dexterous manipulation”.
Given a grasp system consisting of a hand and an object making contact at one or more contact 
points, a hand Jacobian allows for mapping the twists and wrenches of the hand joints to the con­
tact points’ twists and wrenches. A grasp m atrix  in turn allows mapping the twists and wrenches 
of the object to the contact points’ twists and wrenches.
A virtual finger is a conceptual representation of one or more real fingers - or the palm - applying 
force on an object (Arbib A. et al., 1985). All real fingers of a virtual finger act in union to apply 
the force (Figure 3.1 - left). Opposition space is defined as the areas in the hand “where opposing 
forces can be exerted between virtual finger surfaces” during a grasp (Iberall et al., 1986). Iberall 
et al. (1986) describe three types of opposition spaces shown in Figure 3.1 (right).
Pad opposition Palm opposition Side opposition
Figure 3.1: Illustration of left) virtual fingers, and right) opposition space (Kang, 1994)
The main aim of a grasp is to restrain the object in order to control its motion. There are two 
types of grasp restraint: form  closure and. force closure. A grasp is in form  closure if the links of the 
hand surround the object so as to prevent it from moving in any direction. A grasp is in force 
closure if the hand is applying enough contact forces that can resist - up to a limit - any forces 
applied on the object. A minimum of two SF or three HF contacts are required to achieve force 
closure (Melchiorri and Kaneko, 2008), all of which must be separate virtual fingers.
There is a chance that for any given hand and object, there is more than one configuration that 
satisfies the closure conditions. Therefore several “grasp quality measures” have been proposed to 
determine the “best” configuration. Quality measures are categorised into two groups: measures 
associated with the position of contact points and measures associated with hand configuration 
(Suarez et al., 2006). The earlier group is further divided into three subgroups. Two groups con­
sider force or form closure conditions but assume that fingers can apply unlimited forces, one 
considers algebraic properties of the grasp matrix and the other considers geometric relations. A 
third group considers limits in magnitudes of finger forces.
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3. 1 .4  M e c h a n i c a l  p r o p e r t i e s  o f  g r a s p i n g  h a n d s
It is hard to build an artificial hand with all the active DoF of the human hand and the same size 
and weight. Furthermore, the high number of actuators needed to operate such system requires 
a complex control system and high computational capabilities, which results in high power con­
sumption and pose difficulties for achieving real-time control. The high DoF of a hand gives it the 
ability to bend around objects during grasping; therefore, researchers study underactuated and 
adaptive mechanisms to achieve the same ability with less number of actuators and control com­
plexity (Wu, 2013). Two main types of such mechanisms are commonly used: tendon-actuated 
and linkage-based mechanisms (Ceccarelli et al., 2006). Tendon-actuated mechanisms have the 
advantage of small size at the cost of low grasping forces and being prone to friction and compli­
ance. Linkage-based mechanisms are more suitable when high grasping forces are needed.
Most artificial hands grasp objects by applying parallel opposite forces on the object s surface 
because they use mechanisms with fingers that cannot change orientation. This limits the hand s 
ability to uniformly position contact points around objects with cylindrical surfaces during grasp­
ing, which would result in a more secure grasp. To address this limitation, researchers developed 
mechanisms that can rearrange the fingers and change their orientation (Luo, 2013).
There are four different possible trajectories for gripper fingers: linear translation, curvilinear 
translation, rotation, and roto-translation (Hugo, 2013 ). Each trajectory type has different effects 
on the precision of the relative pose between the gripper and the object to be grasped. Even 
though trajectories of gripper fingers can be approximated by only four types, there is a variety of 
gripping mechanisms, each specifically designed for handling a particular set of objects.
Grippers can grasp objects by applying forces on the object s external surface or on the internal 
surfaces of holes in the object. Objects of the earlier type are classified as “of external action”, 
objects of the latter type are classified as “of internal action” (Hugo, 2013).
Another mechanical factor which plays an important role in grasping performance of an artifi­
cial hand is stiffness (Carbone, 2013). The stiffness of the hand system depends on the stiffness of 
different hand components, such as actuators and transmission, as well as the stiffness of the links 
and joints of the structure itself. Displacements occurring in a mechanical system, in response 
to external forces, due to low stiffness are called compliant displacements. These displacements 
can have a negative effect on grasping performance of artificial hands if not controlled properly. 
Therefore, stiffness analysis is used to determine stiffness models of a system which can be used 
in compliance control algorithms. It is important to note that, at the design stages, attempts to 
increase the stiffness of a system often lead to an increase in the weight of the mechanism as well. 
This not only increases manufacturing costs but also have negative implications on the usability 
of an artificial hand, especially if the hand is to be used as a prosthetic hand.
28
3 .2  E x a m p l e s  o f  e x i s t i n g  a r t i f i c i a l  h a n d s
E a r l y  p i o n e e r i n g  h a n d s  In the 1980s, two “milestone” robot hands were introduced, the 
Stanford/Jet Propulsion Laboratory (JPL) hand and the Utah/M assachusetts Institute of Tech­
nology (M IT) hand (Figure 3.2). “These two robot hands still represent a milestone and a term 
of comparison for the design of new devices” (Melchiorri and Kaneko, 2008).
Stanford/JPL hand had three digits representing the thumb and upper fingers. The hand was 
designed to have the minimum number of joints that would satisfy mathematical grasping con­
ditions assuring control of all object twists, wrenches and internal forces. The hand was intended 
to perform dexterous manipulation by grasping the object using the fingertips.
Figure 3.2: Left) Stanford/JPL Hand. Right) Utan/MIT Hand
The U tah/M IT hand was designed to have static and dynamic performance similar to the hu­
man hand. It had three fingers and a thumb with 4D0F each. The hand was initially actuated by 
thirty-six remote electric motors arranged in antagonist pairs. Motion was transmitted using belts 
and not tendons, with tension actively controlled using tension sensors. The actuation system was 
later replaced by pneumatic actuators and tendon and pulley transmission system.
R o b o n a u t  h a n d s  Robonaut hand is the size of a gloved astronaut s hand to fit tools used by 
astronauts (Ambrose et al., 2000). It is integrated with a forearm and has 20D0F plus 2D0F in 
the wrist. The wrist is fully actuated, the hand is underactuated using twelve actuators.
The upper fingers and thumb are responsible for dexterous manipulation. The lower fingers and 
palm are responsible for grasping. Each upper finger 4D0F are actuated by three actuators. The 
thum ps 3D0F are all independently actuated. Each lower finger has three joints allowing flexion 
only and actuated by a single actuator. The palm has an active DoF performing the cupping m o­
tion. The forearm houses fourteen electric motors. Motion is transmitted to the joints through 
flexshafts and leadscrews. The hand is equipped with m otor and joint position sensors. The “lead- 
screw assemblies as well as the wrist ball joint links are instrumented as load cells to provide force 
feedback”. No details are given regarding the presence of tactile sensors.
A second version is developed with aims that include more grasping-based applications (Bridg­
water et al., 2012). The modifications include adding an active DoF to the thumb, using tendon 
transmission and omitting the palm DoF. The overall size of the hand is reduced to approximate 
a human hand without an astronaut glove.
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D L R  h a n d s  The German Aerospace Center (DLR) hand is a four-digit modular robotic hand 
of much bigger size than the human hand (Butterfass et al., 199 8 ). It has a total of 16D0F actuated 
by twelve actuators placed in the palm and fingers and an exoskeletal structure. The hand uses 
Force Sensing Resistor (FSR) for tactile sensing, a stereo camera in the palm, strain gauge based 
joint torque sensors, and a 6-axis force/torque sensor at the wrist.
The second generation, the DLR Hand II (Butterfass et al., 2001), has an endoskeletal structure 
and miniature 6-axis force/torque sensors at the fingertips instead of the FSR The palm is fitted 
with a DoF to rearrange the fingers for either power grasping or fine manipulation.
DLR and the Harbin Institute of Technology (H IT ) developed the third generation, the mul- 
tisensory D L R /H IT  dexterous hand (Liu et al., 2008a). Modifications include smoother contact 
surfaces but most sensory capabilities remain the same. The hand is manufactured by SCHUNK 
and commercially distributed under the name SCHUNK Anthropomorphic Hand (SAH).
In the next generation, D L R /H IT  hand II (Liu et al., 2008b), the fifth digit is added, the overall 
size is reduced, and a 2-axis accelerometer is placed in the palm to allow measuring the hand 
orientation independently from the robotic arm it is attached to.
Grebenstein (2012) developed the Awiwi robot hand for the DLR Hand Arm System. The 
hand was designed to have dynamic performance similar to the human hand and was verified to 
be able to achieve the motions of Kapandji (1992) test (see Chapter 4) and the grasps of Cutkosky 
(1989) and Feix et al. (2009) taxonomies.
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Figure 3.3: From left: Robonaut 1, Robonaut 2, DLR I, DLR II, SAH, and Awiwi hand
T h e  S h a d o w  d e x t e r o u s  h a n d  The Shadow Dexterous Robot Hand (Shadow Robot Com ­
pany, 2013) is an anthropomorphic robot hand designed to replicate most of the human coun­
terparts motion capabilities. The integrated hand has five digits and twenty-four joints. Fingers’ 
DIP joints are coupled to the PIP joints, all other joints are independently actuated including 
two joints for the wrist. The hand can be either actuated using motors or air muscles. Interaction 
sensors are either single point pressure sensors at fingertips or the BioTac sensor.
I n M o o v  r o b o t  h a n d  The InMoov anthropomorphic hand is part of an international col­
laborative hobby project (Langevin, 2012). It has five digits with three joints per digit plus two 
joints in the palm to produce the cupping motion. The hand is actuated using five hobby Radio- 
Controlled (RC) servo motors, one per finger.
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Figure 3.4: Left) Shadow Robot Hand. Right) InMoov Hand
S o p h i s t i c a t e d  t h r e e  f i n g e r e d  g r i p p e r s  Some very dexterous robot hands appear less 
anthropomorphic than the earlier reviewed hands (Figure 3.5). The Barrett Hand is a three-finger 
gripper with tactile array sensors on the fingertips and the palm (Barrett Technology, 2010). Each 
finger has two joints actuated by one m otor and the palm has a motor to reconfigure two of the 
fingers allowing them to be opposite or adjacent to the third finger. The adaptive robot grip­
per from Robotiq has three fingers with adaptive finger mechanisms (Robotiq, 2012a). The fin­
gers can move sideways (adduction/abduction) and can perform pinching at the fingertips. The 
Laboratory of Robotics and Mechatronics (LARM) hand IV has three underactuated adaptive 
fingers, which uses 4-bar linkage mechanisms (Carbone and Ceccarelli, 2008). A recent design 
modification allows the LARM hand IV to reconfigure two of the fingers to change orientation 
thus improving the distribution of grasping forces on cylindrical surfaces and even achieve some 
within-hand manipulation (Luo, 2013). SCHUNK Dexterous Hand (SDH) has three fingers, 
which can be rearranged for a circular or parallel grasp, and tactile array sensors (SCHUNK).
Figure 3.5: From left: Barrett Hand, Robotiq adaptive gripper, LARM hand, and SCHUNK  
Dexterous Hand
O t h e r  a n t h r o p o m o r p h i c  h a n d s  Hoshino and Kawabuchi (2006) describe a hand de­
signed to perform grasping and sign language gestures. It has five digits, each finger is actuated 
by one m otor while the 4D0F thumb is actuated by three motors. Abduction of all fingers is con­
trolled by one motor. They also describe a hand designed to perform fingertip pinching grasps. It 
has a large number of DoFs “exceeding” the human hand. An axial rotation DoF is added to the 
thumb to achieve opposition. Distal joints of all digits are controlled independently to achieve 
fine torque control.
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Nara Institute of Science and Technology (NAIST) hand has four digits and vision-based fin­
gertip tactile sensors (Ueda et al., 2010). It aims to achieve in-hand manipulation. Nakamoto 
et al. (2006) built a large anthropomorphic hand to study stiffness control and object recognition 
using tactile array sensors. It has five digits each with three joints and 4D0F actuated by three 
actuators.
The MechaTE five-digit robot hand is developed for entertainment applications and “does not 
have a substantial gripping force”. The hand has no sensors and uses five RC servo motors to 
actuate fourteen joints in the fingers through an adjustable elastic transmission.
Saito etal.(2009) analysed human hand functionalities and proposed a classification of twenty- 
two prehensile and forty-one non-prehensile “modes”. They developed two five-digit prosthetic 
hands. One device, powered by a single motor, is suitable for two to three-year-old children. The 
other device, with 17D0F actuated by fourteen micro motors embedded in the palm, is claimed 
to be able to reproduce 77% of the prehension modes. The device uses thirteen ON-OFF tactile 
sensors to control hand posture and grasps but sensor output is not fed back to the user.
C o m p a r i s o n  b e t w e e n  r e v i e w e d  h a n d s  Appendix E presents a set of comparison tables 
showing the specifications, main mechanical and sensory properties, and functionalities and ap­
plications of the above-reviewed hands.
3 . 3  A p p l i c a t i o n s  o f  a r t i f i c i a l  h a n d s
There are two main classes of artificial hands’ application observed in the literature: robotics and 
prosthetics. In robotics applications, the artificial hand is normally attached to a robot arm and 
controlled by a robotics control system. In prosthetics application, the hand is attached to a human 
user’s amputated arm. The user controls the device through some kind of a user interface.
The distinction between the two classes of application is very important due to the very differ­
ent requirements of each class. Some requirements affect the physical aspects of the device, such 
as weight and communication bandwidth. Other requirements affect the functional aspects of the 
device, since the type of tasks the hand should be able to do largely depend on the application.
R o b o t i c  h a n d s
Most anthropomorphic robotic hands are developed or used for the purpose of studying hand 
functions, such as grasping, in controlled lab environments. Some devices are implemented in 
real-life applications, such as the Robonaut robot developed for space applications. This kind of 
applications may have higher reliability constraints. However their work nature remains relatively 
non-repetitive, therefore the types and locations of potential failures are hard to predict.
Design criteria are usually defined by performance requirements and the type of robot used 
with the hand, ie. the host robot. If the hand is to be installed on a 6D0F robot arm, it is usually
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preferred to design a modular hand. However, to reduce cost and increase motion range and hand 
forces, it is common to integrate the hand with a forearm housing the actuators.
Devices that are intended to study hand functions are designed to operate in a controlled lab 
environment. This relaxes constraints on power the source, storage and consumption. Weight is 
constrained by the host robot’s payload capacity.
P r o s t h e t i c  h a n d s
Prosthetic hands can be viewed as a type of robotic hands with more demanding requirements. 
To meet the demand of patients with varying levels of transradial amputation, it is common to 
design modular hands with all necessary components (including power storage and the high-level 
controller) embedded in the hand. This imposes limitations on the actuators’ number and size, and 
subsequently: motion capabilities, power and speed. This is a particular problem since “power 
output” and “speed” are important specifications from a prosthetics user’s point of view.
Weight is also an important factor. Prosthetic hands need not only to be within the user’s pay­
load capacity, they must be light enough not to cause pain and fatigue or feel “uncomfortable”. 
Considering the power and speed requirements and the limits on size and weight, power effi­
ciency and storage are especially challenging constraints.
W ith regard to size, Saito et al. (2009) points out the problem of size fit. An example of the 
problem is manifested in Japan where the population have anthropometric dimensions consider­
ably different from European populations. Japanese male patients using German prosthetic hands 
select devices intended for smaller female hands. Subsequently, Japanese female users select de­
vices intended for children, which are not functionally adapted to suit adult requirements.
Communication bandwidth is an important factor limiting the capabilities of advanced pros­
thetic hands. Currently, the most common approach to interface between a device and its user 
is using Electromyography (EM G) to command the hand and vibrotactile stimulation to receive 
sensory data. EMG is a non-invasive m ethod to detect very limited signals from muscle motion, 
which impose limitations on the type of motions the hand can perform. Vibrotactile stimulation 
uses small vibration motors pressed against the skin; however, this solution is very constrained 
due to the limited spatial resolving capacity of the hairy skin on the arm.
Research is undergoing to develop high-bandwidth neural interfaces, achieved through im­
plants. Such interfaces will allow users to control more complex mechanical systems. It also has 
the potential to allow users to receive information from sensors. For example, one research was 
able to interface a FSR sensor installed on a prosthetic hand’s fingertips with the user’s nerves, 
allowing the user to perceive “touch” and “texture” of surfaces (Tan et al., 2014). However, un ­
til such solutions are safe and robust enough for public use, the interface bandwidth is a critical 
restriction on prosthetic artificial hands.
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3 . 4  D i s c u s s i o n
The main purpose of this chapter is to establish an understanding of anthropomorphic artificial 
hands’ construction and uses. Tbis section discusses the literature covered in this chapter in light 
of the information on the human hand construction and uses reviewed in Chapter 2. The discus­
sion is presented in three parts. The first part discusses the concept of anthropomorphism. The 
second part discusses the hardware components of artificial hands. Finally, the third part defines 
the borders between the hand, arm, and controller.
3 .4 .1  A n t h r o p o m o r p h i s m
Anthropomorphism is hard to define and there are considerable differences in meaning among 
sources using the term. Biagiotti et al. (2 0 0 4 )  and Melchiorri and Kaneko (2 0 0 8 )  define it as 
“the capability of a robotic end-effector to mimic the human hand” with regard to “external per­
ceivable properties” such as size and shape. Liarokapis et al. ( 2 0 1 3 ) relates it to the hand’s motion 
capability and compare artificial hands’ workspace to that of the human hand. Hammond III et al. 
(2 0 1 2 )  imply that it is a function of the configuration of the digits, i.e hand posture.
Given the different uses of the term, it is important to define anthropomorphism for use in this 
thesis. This section discusses some observations on anthropomorphism to formulate the defini­
tion. The section is presented in three subsections. The first subsection discusses some general 
observation on anthropomorphism, including factors relating to the perception of anthropomor­
phism. The second and third subsections discusses anthropomorphism from the physical and func­
tional views respectively. This is relevant to the statement of this thesis since physical anthropo­
morphism determines which hands can be used with the m ethod developed in this thesis, while 
functional anthropomorphism is involved in how the m ethod evaluates a hand’s performance.
It is important to point out that this thesis does not aim to present a new definition of an­
thropomorphism. This section only discusses different definitions and concepts presented in the 
literature to formulate the definition used in the framework presented in this thesis.
G e n e r a l  o b s e r v a t i o n s  o n  a n t h r o p o m o r p h i s m
D i m e n s i o n s  a n d  a n t h r o p o m e t r i c  r e f e r e n c e s  A s  indicated in Chapter 2, there is no 
standard anthropometric data that is correct for all populations. Hands of different human in­
dividuals varies considerably in bone dimensions, proportions, joint position, and RoM with 
negligible effect on manual abilities (Grebenstein et al. (2 0 1 0 ) , Alexander and Viktor ( 2 0 1 0 ) ) .  
Also, depending on different populations, certain dimensions and proportions may be accepted 
as “normal”. Human or artificial hands that do not comply to these “normal” references may be 
dismissed as “abnormalities”; therefore, determining what constitutes an “anthropom orphic” di­
mensions is to some extent subject to the observer’s culture and personal judgement. In an effort 
to develop a m ethod suitable for as many artificial hands as possible, this thesis does not use a
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defined set of anthropometric data as a reference for developing evaluation method. Instead, the 
thesis relies on the common features, which appears in several resources studying adult humans 
from both genders, to define physical aspects of anthropomorphism.
P r o x i m i t y  t o  o t h e r  p r i m a t e s  This thesis is interested in artificial hands that appear sim­
ilar to, but not necessarily indistinguishable from, human hands. As a result, the features iden­
tified in this section are not sufficient to distinguish between human hands and hands of some 
close non-human primates, such as apes.
P e r c e p t i o n  o f  a n t h r o p o m o r p h i s m  Melchiorri and Kaneko (2008) definition of anthro­
pomorphism points out a variable that is not part of the hand: the observers perception of the 
attributes contributing to anthropomorphism. Klatzky et al. (1985) indicate that humans “at­
tend more to material” properties during haptic interaction, while they “emphasise the geometric 
properties” when vision is used (Chapter 2). This points out that observer s perception depends on 
the nature of interaction: visual or haptic. Therefore, a distinction can be made between visual 
and haptic perception of anthropomorphism. This thesis focuses hereinafter on the visual aspects.
P h y s i c a l  a n t h r o p o m o r p h i s m
The physical view involves the anthropomorphism of the hardware of an artificial hand, regardless 
of how it perform its functionalities. This is relevant to this thesis because it determines which 
hands can be used with the evaluation method developed in this thesis. From this view, anthropo­
morphism would involve the artificial hand having similar construction and motion and sensory 
capabilities to the human hand.
Some developers attempt to reproduce the human hand s skeleton shape and arrangement, all 
the way down to bone geometry. Other developers present arguments against this approach and 
instead study the motion capabilities of the human hand then develop artificial structures with 
similar capabilities but not necessarily similar construction (Grebenstein et al., 2010).
Given this thesis focus on external visually perceived anthropomorphism, reproducing the in­
ternal bone structure of the hand is not considered to contribute to anthropomorphism. Sensory 
capabilities are important for the functional performance of hands, which is considered in this 
thesis; however, they cannot be visually perceived and therefore are not considered to contribute 
to anthropomorphism. Also, this thesis does not take into consideration the aesthetics of anthro­
pomorphism, including varying dimensions and surface properties, or omitting digits and joints.
Other factors that contribute to the anthropomorphic construction and capabilities of artificial 
hands are discussed below.
N u m b e r  o f  d i g i t s  The human hand surface anatomy (Figure 2.1) suggests that for an ar­
tificial hand to be anthropomorphic it should contain a palm and five digits: one thum b with 
high mobility at the radial side of the palm and four fingers at the top of the palm. However, it is
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evident from the literature that hands with less number of digits can be considered anthropomor­
phic. It is very common to describe artificial hands with four digits (thumb and three fingers) as 
anthropomorphic. In fact, many researchers, such as Grebenstein et al. (2010), explicitly state the 
condition of having four or five digits to be considered anthropomorphic. Therefore, this thesis 
defines an anthropomorphic hand to have four or five digits.
N u m b e r  o f  j o i n t s  It is common with prosthetic hands to fix or omit the DIP joints of the 
fingers. This is done to reduce the kinematic complexity and development cost. W hen omitting 
the joints, the distal link of the finger is usually designed to have a length similar to the middle 
and distal phalanges combined. This usually does not affect the anthropomorphic appearance of 
the device, it is clear from the literature that such devices are widely considered anthropomorphic. 
Therefore, it is concluded that an anthropomorphic hand must have two to three joints per digit.
M o t i o n  c a p a b i l i t i e s  There is no standard reference for the RoM of human hand joints. 
However, the literature mostly agrees on the joints’ DoF and allowed direction of motion, which 
are described in Chapter 2. Therefore, this thesis assumes that an anthropomorphic hand must 
have digits with joints capable of flexion, i.e closing and opening the fingers. An anthropomorphic 
hand may have sideways motion, i.e abduction, only in the first joint of each digit resembling a 
finger. This does not apply to the digit resembling the thumb, which can have up to 6D0F.
S u r f a c e  Biagiotti et al. (2004) indices (Chapter 4) assign equal values to the effect of surface 
smoothness, extension, and softness on anthropomorphism. Given this thesis focus on visual aspects, 
smoothness and softness factors are not considered. It is also important to point out that, while 
the human hand’s surface covers the joints, this is not the case in the majority of robot hands. 
However, this thesis does not define any criteria for surface extension of anthropomorphic hands.
Figure 3.6: Examples of hands viewed as anthropomorphic or not anthropomorphic
E x a m p l e s  o f  a n t h r o p o m o r p h i c  h a n d s  Figure 3.6 shows some examples of hands that 
are viewed, in this thesis, as anthropomorphic and hands that are not viewed as such. Given the 
above definitions ofwhat constitutes an anthropomorphic hand from the physical view, the U tah/M IT
36
hand and the hands shown in Figures 3.3 and 3.4, such as the Shadow Hand, are considered an­
thropomorphic. On the other hand, the Stanford/JPL hand and the hands shown in Figure 3.5, 
such as the Barret Hand, are not considered anthropomorphic.
F u n c t i o n a l  a n t h r o p o m o r p h i s m
From the functional view, anthropomorphism relates to how a functionality is being performed. 
This is relevant to the evaluation m ethod developed in this thesis because it is concerned with 
evaluating whether hands that are considered anthropomorphic form the physical view are per­
forming their functionalities in a manner that is also anthropomorphic from the functional view.
Many of the tasks described in Chapter 2 can be performed using either an anthropomorphism 
or a non-anthropomorphic posture. This is best illustrated by Hammond III et al. (2012) grasping 
example (Figure 3.7).
In addition to hand posture, this thesis considers two other factors to contribute to functional 
anthropomorphism when there is a contact between the hand and an object: location of contacts 
on the hand and the object s pose with respect to the hand.
This thesis uses the illustrations and descriptions of the different functionalities of the human 
hand (Section 2.3) to determine the hand posture, location of contacts, and object pose for each 
task. This is discussed in more detail in Chapter 5.
Figure 3.7: A robotic hand grasping a mug using: left) anthropomorphic, and right) non- 
anthropomorphic finger configuration (Hammond III et al., 2012)
3 .4 .2  H a n d  c o m p o n e n t s
Reviewing the literature shows that it is common to separately develop sensory the solutions for 
artificial hands. Also, some literature focuses on hand capabilities while the actuation is carried 
out by separate unit and not always discussed. Additionally, surface properties are rarely empha­
sised despite their role in grasping. Therefore, this section discusses artificial hands’ components 
in four categories:
• Structure: factors affecting motion, including aspects that do not fit in other categories
• Surface: the geometric and physical aspects of the structures surface
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• Sensors: state and interaction sensors, including integrated and modular solutions
• Actuation: aspects of actuators and transmission of motion and forces
S t r u c t u r e
Any hand has a root link, i.e the palm, and a set of digits attached to the palm. In addition to the 
kinematics of the structure of the palm and digits, there are two other important general structural 
aspects of hands: modularity and skeletal structure.
G e n e r a l  i n t e g r a t i o n  a n d  m o d u l a r i t y  T w o  classes of devices can be identified in the 
literature: modular hands and hands that are part of an integrated arm-hand system. A  Modular 
Hand (MH)  is a hand that contains within the palm or digits all the actuators, sensors and low- 
level control components required to operate the hand. A hand is considered an Integrated Hand 
(IH)  if any of the actuators, sensors or low-level controllers cannot be housed within the palm or 
digits, whether they are housed in a unit attached to the wrist resembling a “forearm” or remotely 
located in a separate unit. Integrated hands cannot fully function if separated at the wrist.
S k e l e t a l  s t r u c t u r e  T w o  skeletal types found in nature are employed in artificial hands: 
endoskeletons and exoskeletons. A  hand is considered to have an exoskeleton if the rigid structure 
houses some or all of the other components, such as actuators, transmission or sensors. It is con­
sidered to have an endoskeleton if the rigid structure does not house any components.
S u r f a c e
The structure s surface geometry and physical properties affect the hand s appearance and opera­
tion. Biagiotti et al. (2004) proposes that surface “smoothness”, “extension” and softness together 
account for twenty percent of an artificial hand s “anthropomorphism”. Surface geometry affects 
the possible hand motion when a collision with objects is wanted or avoided. Surface physical 
properties, i.e friction and compliance, affects the hand s ability to apply forces on objects. Artifi­
cial hands normally consist of separate links each with its own exclusive surface.
S e n s o r s
S t a t e  s e n s o r s  State sensors acquire information about position, displacement, speed, acceler­
ation and effort o f joints, actuators and transmission components. Not all information are required 
at the same time, a subset is sufficient to fully estimate the state of the system.
It worth noting that acceleration sensors were not used in any of the reviewed hands except lim­
ited use to estimate absolute orientation by sensing the gravitational acceleration vector. Trans­
mission position or effort sensors are used to estimate joint state from actuators’ state. In the 
presence of a rigid relation between actuators and joints, i.e using rigid transmission, joint and 
actuator states can be directly derived from one another.
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I n t e r a c t i o n  s e n s o r s  Interaction sensors observed in the literature acquire information 
about the occurrence, location, and force of contact, pressure distribution at contact, tempera­
ture and vibration of the object in contact.
A c t u a t i o n
A c t u a t o r s  Any powered mechanical system requires one or more actuators to induce the 
motion. Actuators convert a form of energy into a form of motion.
Actuators can be categorised according to input form of energy and output form of motion. 
The forms of energy input used with actuators of reviewed artificial hands are: electric energy and 
hydraulic or pneumatic pressure, and the forms of motion output are: rotary and linear motion.
All actuators require feedback control in order to guarantee a certain desired motion is achieved. 
This is usually carried out by a dedicated low-level controller to offload the necessary calculations 
from the high-level controller. Some self-contained actuator units come with the necessary low- 
level controller integrated with the actuator. Such systems are usually referred to as “modular 
actuator units”. This is most common with electric actuators.
T r a n s m i s s i o n  Motion and force generated by actuators must be transmitted to the joints 
through mechanical transmission. Transmission can also “couple” the motion of multiple joints. 
Such mechanisms may modify the motion’s displacement, speed or force.
Transmission stiffness affects displacement and force of transmitted motion. Transmission can 
be categorised into three main categories according to stiffness: rigid, flexible and elastic. Rigid 
transmission is not flexible in any direction, for example a rigid metal linkage. Flexible transmission 
is flexible in directions other than that of the intended direction of transmitted motion, for ex­
ample “low-elasticity” tendons. Elastic transmission is a subclass of flexible transmission which is 
flexible in the intended direction of transmitted motion, for example springs and elastic tendons.
Transmission can convert between rotary and linear motion. Transmission with mechanical 
advantage can alter displacement, speed and force. Some flexible and elastic transmission only 
transmit motion in one direction due to the directional flexibility or the construction of the link­
age. For example, tendons allow only “pulling” motion, and flexible shafts made of twisted steel 
wires allow rotation in one direction only. Finally, flexible transmission requires designated route- 
ing. This can be fixed - defined by ducts, grooves and /or pulleys - or flexible routeing using tubes 
and sheaths. A very common configuration of flexible sheath routeing of tendons is known as 
tendon-outer-tube transmission.
C o m p o n e n t s  o f  t h e  h u m a n  h a n d
For modelling and simulation purposes, human hand components are described here using the 
same categorisation:
• Structure: The human hand is integrated with the arm and has an endoskeletal structure.
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• Surface: The human hand is covered with a single continuous flexible surface covering all 
its links and joints.
• State sensors: The human hand contains “actuator position” “transmission effort” “joint 
position” and “joint effort” state sensors.
• Interaction sensors: The skin detects occurrence, pressure distribution, shape, and tem ­
perature of contact.
• Actuators: The human hand is actuated by muscles, most of which are remotely located 
in the forearm. Muscles can only apply a “pulling” force; therefore, the human hand is 
actuated by antagonist muscles.
• Transmission: Forces from remote muscles are transmitted through a complex network of 
tendons. The muscles antagonist arrangement is not in pair configuration due to the tendon 
network interconnectivity.
3 .4 .3  I n t e r f a c i n g  w i t h  a r t i f i c i a l  h a n d s
A controller uses the hand to execute tasks. This introduces the question: what is the hands respon­
sibilities'? This thesis defines an interface between the hand and controller that defines the limits 
of each entity’s role. This interface is utilised in task descriptions in Chapter 5 and simulation in 
Chapter 6 as it defines the inputs and outputs of the descriptions and simulation processes.
Therefore, the hand is viewed as an input/output device. It is a sensor that can input data and 
it is an articulate mechanical system that can output motion and forces.
C o m m a n d i n g  m o t i o n  In this interface, the hand accepts commands as a set of discrete “robot 
arms”, where each digit acts as an individual “robot arm”. There are four command domains and 
three spaces where these commands can be issued. The domains are position, displacement, speed 
and effort. The spaces are actuator, joint, and tip.
R e a d i n g  s e n s o r s  For interaction sensors, there are two approaches. A 2D “flat” approach pro­
vides the readings in an array that only explains sensed quantity at sensor position on the hand’s 
“flat” surface. A 3D “point cloud” approach uses n-dimensional point clouds to encode the sensed 
quantity as well as the spatial location where it was sensed.
State sensors data are provided in three matrices for joints, actuators, and transmission. Each 
matrix contains six rows and as many columns as the total number of components’ DoFs in the 
hand. The first row identifies the component, the following five rows specify the com ponent’s 
position, displacement, velocity, acceleration and effort in the component’s local frame.
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C h a p t e r  c l o s u r e
This chapter reviewed key theory related to artificial hands and notable solutions and discussed 
the literature in light of the information on the human hand presented in the previous chapter. It 
showed that anthropomorphism is a complex concept and can be decomposed into several com­
ponents. It also pointed out that some aspects of perceptual anthropomorphism may be aesthetic, 
which are not considered in this thesis. It also discussed the components of artificial hands and 
observed that a hand can be modelled as an input/output device. Finally this chapter defined 
the anthropomorphic reference to be used in this thesis.
The information on the construction, capabilities, and functionalities ofhuman and artificial hands, 
as well as the definition of anthropomorphism, are utilised to review different methods of evaluat­
ing hands and identify their strengths and shortcomings in the next chapter.
4 i
4
Exiting Evaluation Methods And Tools
B a s e d  o n  t h e  d e f i n i t i o n  o f  a n t h r o p o m o r p h i c  a r t i f i c i a l  h a n d s  in the previous chapter, 
this chapter reviews key existing evaluation methods and computational simulation tools to iden­
tify their sufficiency to evaluate different aspects of a hand. This chapter points out the strengths 
and shortcomings of each method and proposes an approach that addresses these shortcomings.
I n t r o d u c t i o n
Several existing methods evaluate artificial hands using different measures. The most common 
type of measures evaluates a hand s functional performance as a grasping device. Alternatively, 
a hand is evaluated in terms of its motion capabilities regardless of its functional performance. 
Hands are rarely evaluated from an apprehension perspective, i.e as a sensing device, nor are they 
commonly evaluated as a non-prehensile tool or a visual expression device.
Many of these methods use dedicated computational simulation tools. Additionally, several 
other tools have been developed to analyse hands without the explicit aim of evaluation.
This chapter reviews key existing evaluation methods in an effort to define a comprehensive 
single evaluation method or a set of mutually compatible methods. It also reviews some compu­
tational tools that can potentially be used for evaluation purposes.
Section 4.1 discusses key existing evaluation methods and point out their strengths and short­
comings. Section 4.2 summarises the lessons learnt from existing methods and outline a concept 
m ethod that combines their strengths and overcomes their shortcomings.
42
4 . i  E x i s t i n g  e v a l u a t i o n  m e t h o d s
There are several methods used to evaluate artificial hands, some more developed than others. 
This section reviews the key methods found in the literature.
4 .1 .1  M e d i c a l  t e s t s
Ka p a n d j i  c l i n i c a l  e v a l u a t i o n  o f  t h e  t h u m b ’s  o p p o s i t i o n
Grebenstein (2012) used the medical tests described by Kapandji (1992) to evaluate a robot 
hands design. Kapandji (1992) describes a ten step test to evaluate thum bs opposition move­
ment (Figure 4.1) and a four step test to evaluate retropostion movement (Figure 4.2). These 
tests are performed without instruments using “the hand itself as the reference systems”.
Figure 4.1: Kapandji Opposition Test (Kapandji, 1992)
O p p o s i t i o n  t e s t  This test comprises several steps. All steps refer to using the tip of the 
thumb to touch a location on the hand or other fingers. The test score is the highest step reached 
provided all steps are performed in order.
• Part one :: “terminolateral pinch” “longitudinal rotation does not occur” in this part
-  Step o Touching the lateral side of the first phalanx of the index finger
-  Step 1 Touching the lateral side of the second phalanx of the index finger
-  Step 1 Touching the lateral side of the third phalanx of the index finger
• Part two :: “tip-to-tip pinch”
-  Step 3 Touching the tip of the index finger, this is the “minimal opposition” position
-  Step 4 Touching the tip of the middle finger
-  Step 5 Touching the tip of the ring finger
-  Step 6 Touching the tip of the small finger, this is “extreme opposition arch” position
• Part three :: running the tip of the thumb down the small finger
-  Step 7 Crossing the distal interphalangeal joint crease of the small finger
-  Step 8 Crossing the proximal interphalangeal joint crease of the small finger
-  Step 9 Touching the proximal crease at the base of the small finger
-  Step 10 Touching the distal palmar crease above the M CP joint of the small finger
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R e t r o p o s t i o n  t e s t  In this test, both hands are placed on a flat surface. The hand to be tested 
is placed flat with its palm down, with the thumb fully radially abducted. The opposite hand is 
held upright on its ulnar side, close to the tip of the thumb. The thumb to be tested is then moved 
up as high as possible.
The uppermost point reached, measured in terms of the other hand s M CP joint, is noted. The 
test scores are: stage one, reaching the M CP joint of the little finger, stage two, reaching the M CP 
joint of the ring finger, stage three, reaching the M CP joint of the middle finger, and stage four, 
reaching the MCP joint of the index finger. IF the thumb cannot move up by itself, the retropos­
tion is denoted as stage o.
Figure 4.2: Kapandji Retropostion Test (Kapandji, 1992)
O t h e r  m e d i c a e  t e s t s  Kapandji (1992) refers to two other medical methods to evaluate the 
thum bs motion: the anatomists’ method and the surgeons' method (Figure 4.3). Each m ethod uses 
the two angles shown in the figure as a performance measure.
Figure 4.3: Left: the anatomists' method, Right: the surgeons’ method (Kapandji, 1992)
4 .1 .2  B i a g i o t t i  e t  a l . W e i g h t e d  I n d i c e s
Biagiotti et al. (2004) proposed a method to evaluate artificial hands by comparison to the human 
hand. The method identifies three areas for evaluation and uses a weighted sum of components 
to obtain an index that reflects a hand s performance in each area.
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The three proposed indices are “level of anthropomorphism” evaluating the hand s general ap­
pearance; “potential dexterity related to mechanical structure” evaluating its mechanical perfor­
mance as a grasping and manipulation device, and “potential dexterity related to sensory devices” 
evaluating its sensing capabilities. Coefficients - weights - of components for each index sums to 
l, resulting in an index value that ranges between o and 1.
A n t h r o p o m o r p h i s m  i n d e x
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Figure 4.4: Weighted components of the anthropomorphism index (Biagiotti et al., 2004)
Figure 4.4 shows the components of the anthropomorphism index ax and the weights suggested 
by Biagiotti et al. (2004) to calculate it. Note that sub-components are weighted relative to the 
weighted value of their parent component. The human hand has ax =  1.
Biagiotti et al. (2004) describe three components of the index: kinematics, contact surfaces 
and size. Kinematics component “considers the presence of the main morphological elements”. 
The value of each element is measured “according to the number of articulations inside each finger 
in comparison with the human case”.
Biagiotti et al. (2004) defines extension and smoothness of contact surfaces as “the capability 
to locate contacts with objects all over the surface of the available links”, and soft pads as the 
“availability of external compliant pads”. The last component relates to the overall size of the hand 
and internal size ratios, i.e the difference in length of different digits and segments.
D e x t e r i t y
Biagiotti et al. (2004) define dexterity as “the capability of the end-effector, operated by a suitable 
robotic system, to autonomously perform tasks with a certain level of complexity”. This acknowl­
edges the role of control in the hand s dexterity. To avoid involving control systems, they consider 
potential dexterity, i.e the maximum dexterity the hand can achieve given a suitable control sys­
tem. The potential dexterity is therefore completely based on “intrinsic” hardware components. 
Potential dexterity is divided into two areas: the mechanical structure and the sensory abilities.
P o t e n t i a l  d e x t e r i t y  r e l a t e d  t o  m e c h a n i c a l  s t r u c t u r e  Biagiotti et al. (2004) note 
that methods of evaluating the potential dexterity of kinematic structures, such as the manipu-
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lability ellipsoid, “require the knowledge of some mechanical details and parameters which are 
often unavailable”. Therefore they propose to “roughly quantify” potential dexterity based on 
“functional capabilities allowed by the features o f [the] mechanical structure, such as number of 
degrees of freedom, smoothness of the contact surfaces, etc”. A hand can be classified into two 
groups: hands with capabilities limited to grasping - including underactuated hands with complex 
kinematic configuration - and hands that are capable o f some kind o f internal manipulation. Fur­
thermore, each group is divided into two categories depending on whether the functionality is 
limited to  fingertip operation or extended to all active elements o f the hand.
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Figure 4.5: Weighted components of the mechanical dexterity index (Biagiotti et al., 2004)
P o t e n t i a l  d e x t e r i t y  r e l a t e d  t o  s e n s o r y  d e v i c e s  The proposed index aims to eval­
uate the hand s sensory capabilities. This includes joint and motor position state sensors. A s  for 
interaction sensors, Biagiotti et al. (2004) considers the category to include 'force/torque sensors 
collocated within the kinematic chain”, as well as two other sensor types: “tactile sensors directly 
placed on external surface” and “Intrinsic Tactile ( I T ) ’’ sensors. They also identify a third sensor 
category that is not found in the human counterpart: additional sensors. This includes accelera­
tion sensors, proximity sensors, and cameras. Interaction sensors are considered most important 
to achieve dexterity. The human hand has ax less than 1 due to lack of additional sensors.
D i s c u s s i o n  o f  t h e  m e t h o d
This method is the most comprehensive among the reviewed methods, it compares hands in three 
areas: anthropomorphism, mechanical and sensory potential dexterity. It is an abstract method in the 
sense that it requires minimal information and no complex computation, making it suitable for 
fast evaluation and comparison of many hands. The method possesses a good potential, and the 
paper puts forward many concepts that are extensively utilised in this thesis. However, it suffers 
from some shortcomings, each index is separately reviewed below.
A n t h r o p o m o r p h i s m  i n d e x  The index is the most developed index in the method; how­
ever, it suffers from some drawbacks. First, the suitability of the components to evaluate anthro­
pomorphism is in question, so are the proposed weights. Biagiotti et al. (2004) do not explain 
why they selected these components or the associated weights. Additionally, they do not explain
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how to measure a component or its quality. They give no details regarding the effect of different 
joints. It may be that they meant all joints have equal value. However, given that many prosthetic 
hands choose to omit some joints, such a statement needs supporting evidence.
Considering the surface properties, it is not clear how to determine how “extended” or “smooth” 
the surface is, nor why “compliant pads” will have an effect on the appearance of the artificial hand 
since it impossible to visually determine surface compliance. As for the “overall size” and “size 
ratio”, these two components indeed have a very visual nature. However there is no explanation 
on how to evaluate them, nor to what reference are they compared.
D e x t e r i t y  i n d i c e s  Biagiotti et al. (2004) notes that other evaluation methods require knowl­
edge of “often unavailable” details and propose to “roughly quantify” potential dexterity based on 
“features of [the] mechanical structure”. However, this statement and the proposed indices are 
self-contradictory since knowledge of mechanical details is required to determine whether or not 
a hand has manipulation capabilities. Additionally, the indices restrict hand functionalities to 
grasping and manipulations and ignores active sensing and non-prehensile functionalities. Fur­
thermore, the manipulation component is divided into “fingertip” and “whole hand” parts. How­
ever, as already observed in Chapters 2 and 3, dexterous manipulation is performed using precision 
grasps with the fingertips. Therefore there can be no “whole hand” manipulation.
As for the sensory index, there is no analysis or discussion of the importance of each sensor 
type which would be a logical step preceding assigning weights. As with the index for anthropo­
morphism, Biagiotti et al. (2004) do not provide any details on how to measure the components 
nor the reasons behind the selection of the weights.
4 .1 .3  L i a r o k a p i s  e t  a l . W o r k s p a c e  A n a l y s i s
Liarokapis et al. (2013) proposed a m ethod to “quantify anthropomorphism” of a robot hand 
based on the intersection of its workspace with that of a reference human hand model. They used a 
parametric 25 DoF human hand model with a 5D0F thumb, 4D0F upper fingers, and 6D0F lower 
fingers. They differentiate between the workspace of the fingers’ phalanges and the “workspace” 
of the fingers’ base frames, which they claim is “of outmost importance for specific grasp types”.
Their method requires the definition of correspondences between the artificial hand and the 
human counterpart. To facilitate such process, they define a finger to have two or three joints and 
three to four DoF respectively. In the case of an artificial finger with higher DoF, the extra DoF 
are considered to “contribute to the positioning of its base frame” and are included in the separate 
analysis of the base frame workspace. Accordingly, two DoF of each of the reference model thumb 
and lower fingers are considered in the base frame analysis.
The method proposes to “map human to robot fingers with an order of significance starting 
from thumb and index, to middle, ring and pinky”. As for the phalanges, the mapping system 
favours the distal, then the proximal, and finally the middle phalanx. In the case of mapping a
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Figure 4.6: Computing workspace convex hulls from 3D points set (Liarokapis et al.r 2013)
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digit with more than “three phalanges” the m ethod proposes to keep some joints fixed to zero 
in order to form three virtual phalanges per finger. The choice of which joints to fix depends on 
which combination of joints gives the highest anthropomorphism score. Note that the method 
has previously proposed to assign excess DoF to the finger base mobility it is not clear from the 
paper when is either approaches used.
Liarokapis et al. (2013) quantify workspace using convex hulls (Figure 4.6) and perform a 
“one-to-one comparison” between the workspaces of each phalanx and the corresponding human 
counterpart. To generate a phalanx workspace, forward kinematics (of a DH parameters model) 
is solved while “exploring” the joint space of all DoF that “contribute” to the phalanx workspace. 
The joint space is discretized using a step of R /n, where n is usually 20 and R is range of motion.
The volumes of intersection and union between workspaces of each robot finger phalanx and 
the corresponding human phalanx are computed. The “anthropomorphism” score is the ratio of 
the intersection volume to the union volume. To avoid “penalizing” robot hands that have more 
joint range than the human hand due to the denominator being the union of both workspaces, 
the joint limits are “changed in order to be equal with the human limits”.
Total “score of anthropomorphism” is computed as a weighted sum of individual scores of each 
fingers phalanges. Liarokapis et al. (2013) propose that these weights “can be set subjectively ac­
cording to the specifications of each study”. They are not defined but rather left to the user to set 
them as suits each study. The sum of weights should always be one.
D i s c u s s i o n  o f  t h e  m e t h o d
This method defines anthropomorphism as a function of the hand s dexterity and not appearance. 
It is, in fact, evaluating artificial hand s dexterity and not anthropomorphism. It is possible to 
define appearance as a function of possible motion range; however, it does not necessarily depend 
on the size of the workspace but rather the ability to take certain postures. This is something that 
is not evaluated by this method. Although Liarokapis et al. ( 2013) claims that it is possible to take 
into account any couplings or synergies, the summation nature of convex hulls used to quantify
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the workspace does not allow to exclude unreachable regions in the workspace. Therefore; this 
method does not guarantee that a certain configuration that lies inside the workspace and results 
in an anthropomorphic posture is actually permitted by the hand s structure.
Also; the m ethod evaluates anthropomorphism as a function of the union of the workspaces 
of both human and artificial hands. This is certainly confusing; it makes sense that to evaluate 
anthropomorphism - defined as ascribing human attributes to a non-human artefact - should be 
evaluated exclusively with respect to a human reference, and not a reference that combines human 
and non-human attributes. Liarokapis et al. (2013) themselves note that if the artificial hand has 
a larger workspace than the human hand model, possibly caused by joints with a higher range of 
motion, this would lead to the “more dextereous” artificial hand having an incorrect lower score 
due to including the extra workspace in the union. Their solution is to clip the range of motion 
of the artificial hand to be equal to that of the human hand, which raises the question: why not 
simply use the human hand s workspace on its own as the reference in the first place?
It is worth pointing out that the m ethod does not analyse the workspace of each digit as a 
robotic manipulator, but rather analysis each workspace of each phalanx individually. Therefore 
this m ethod does not indicate the overall size of the hand s workspace. Also, the m ethod assumes 
no change of orientation occurs in the fingers, which is not always true as in the case with hand 
models that takes into account the inclination of interphalangeal joints.
W ith regard to hand functionality, it is clear from the paper that the main functionality of an 
artificial hand in Liarokapis et al. (2013) opinion is grasping and manipulation. Workspace anal­
ysis only describes the motion capability of each digit on its own and not the functionality of the 
hand altogether. Even if the workspaces of all digits are compared with respect to each other, it 
does not, for example, reflect on the grasping performance of the system. The analysis does not 
indicate whether the fingertips, phalanges or palm can be used to apply force closure conditions 
on an object. This also means that the measure is not indicative to the hand s functional anthropo­
morphism, since there is no way to know if the intersection region is “useful” or not, or to define 
a measure of relative value between different regions in the workspace. Finally, no guidance is 
given to how to select the appropriate weights.
4 .1 .4  F e i x  e t  a l . F i n g e r t i p  T r a j e c t o r y  A n a l y s i s
Feix et al. (2013) proposed a method that uses empirical data collected from experiments with 
five subjects performing thirty-one of the thirty-three grasps of Feix et al. (2009) taxonomy. Two 
grasps, the “Distal Type” and the “Tripod Variation”, “were omitted due to their very special na­
ture”. The method uses this data to create the human hand s “action manifold” which is defined 
as “all the postures (or a chosen subset) that a hand can reach”. The high dimensionality data is 
mapped onto a two dimension space, which is used to represent the action manifold. This “la­
tent space” is used to quantify “the anthropomorphic motion capability” of an artificial hand by 
projecting “all” its fingertip poses into the same space and measuring the overlap (Figure 4.7).
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Figure 4.7: Overview of Fiex fingertip trajectory analysis system (Feix et al., 2013)
Feix et al. (2013) used a data acquisition system with six magnetic sensors to record the posi­
tion and orientation of the five fingertips and the palm of the subjects while performing the grasps. 
The subjects were asked to place their hands in a flat posture before reaching for the object and 
grasping it using the designated grasp type. The subject would lift the object, replace it, then re­
turn to the flat hand posture. The data is stored with respect to the coordinates of the palm sensor 
frame to omit global hand movements. The dataset contains 4650 samples, each sample consists 
of five 12D vectors encoding the pose of each fingertip at a point along the trajectory.
Feix et al. (2013) use twelve dimensions to encode each fingertip pose, three for position in 
Cartesian space and nine elements of a rotational matrix for fingertip orientation. Feix et al.
(2013) justify using the nine elements of a rotational matrix instead of three elements of Euler 
angles or the four elements of quaternions to represent orientation to avoid the singularity in Eu­
ler angles and because the euclidean distance between the elements of the quaternion does not 
represent proximity in orientation.
The data is then used to create the low-dimensional space using Gaussian Process Latent Vari­
able Models (GP-LVM). Feix et al. (2013) evaluated fifty GP-LVM models and compared it 
to other dimensionality reduction methods and demonstrated that it is more efficient for accu­
rate 2D representation of the higher-dimensions fingertip space of the hand. The human dataset 
shows that “subjects generate a similar trajectory” for the same grasp type, making it possible to 
define a “mean grasp trajectory”.
To evaluate an artificial hand, the hand configuration space is sampled and forward kinemat­
ics is solved for each digit at each sample. The fingertip poses are then projected into the latent 
space. The overlap is measured by “discretizing the latent space into a regular grid and counting 
how many cells are populated” by the artificial hand s data. The method uses back-constrained 
GP-LVM to facilitate the mapping from the latent space back to the higher-dimension configura­
tion space.
An “anthropomorphism index” is used to quantify the overlap between the artificial hand data 
and the human data, which represents the artificial hand s performance. The index is calculated
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as a percentage ratio of overlap area to the area occupied by the human data. Feix et al. (2013) 
report an “anthropomorphism index” 0.25% for the Otto Bock SensorHand, 2.8% for the Otto 
Bock Michelangelo Hand, and 5.2% (9.2% with random sampling) for FRH-4 Hand.
The m ethod is implemented in MATLAB using the FGPLVM toolbox and version nine of 
Peter Corke Robotics Toolbox. The implementation is released as an open source toolbox.
D i s c u s s i o n  o f  t h e  m e t h o d
The method may not be suitable for accurate prediction of an artificial hand s grasping capabilities 
for a number of reasons. The method uses only fingertips poses to encode the hand s posture. This 
assumes that the artificial hand being analysed has the same kinematic structure as the human 
hand, which is not always the case. This is problematic in two cases. First regarding grasps that 
only involve fingertips, i.e precision grasps: many artificial hands, especially prosthetic hands, do 
not include the distal joint. There is a high chance the hand will produce very different fingertip 
orientations than the reference dataset. Therefore the result will not be indicative of the hand s 
grasping capabilities or performance.
Secondly, this is more problematic with grasps that involve contact between the palm or other 
parts of the digits and the object. If the hand has a different kinematic structure, the fingertip 
poses will not be an accurate indication of the overall hand posture similarity.
The method does not take into account the geometry or physical properties of the hand s sur­
face, nor does it evaluate the direction of forces generated by the hand digits.
The reference dataset includes trajectories from and to a “flat hand” posture. This means that 
the largest part of the dataset refers to intermediate postures that are not involved in the grasp 
itself. Therefore, a hand that is optimised for grasping - can only achieve grasp postures - could 
have the same evaluation score as a hand that can achieve many intermediate postures but not 
many grasp postures.
Finally, using the method as it is provided does not indicate which grasp types are attainable, 
which limits its application for optimisation towards specific grasps. Feix et al. (2013) propose 
to generate a special action manifold for such cases.
4 .1 .5  R o a  e t  a l .  G r a s p a b i l i t y  M a p
Roa et al. (2011) proposed a m ethod to generate a “map” of positions and orientations that a 
given hand base “can adopt to achieve a force closure precision grasp” on a given object. Roa 
et al. (2011) propose to use the map as a method to “compare the grasp capabilities of different 
mechanical hands with respect to some benchmark objects”.
The method requires as input a point cloud representation of the object s surface, each point 
is described by a position vector measured with respect to the object s centre of mass and a sur­
face normal pointing towards the centre of mass. The method also requires a model of the hand 
describing its kinematic structure and surface for collision detection.
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In a preliminary step, the hand s kinematic configuration is analysed to determine the configu­
ration subset “which potentially allow a force closure grasp”. In this step, the force closure condi­
tions are evaluated using “the normals to the fingertips”, a “predefined coefficient of friction” and 
a virtual centre of mass “located at the centroid of the considered fingertip positions” This step 
produces a set of “reachable points for the fingertips of a mechanical hand which potentially lead 
to a force closure precision grasp”.
This set is then used, along with the object model and a friction coefficient “that estimates 
the friction between the fingertips and the object” to generate the map. The method begins by 
defining a set of potential poses for the hand base frame around the object. Each pose is checked 
for collision with the hand while it is assuming the “configuration of maximum aperture”. If a 
collision is present, the pose is discarded; otherwise, the intersection between the point clouds 
representing the object and the force closure workspace of each finger is calculated. The resulting 
sets are then analysed to evaluated the difference between the direction of fingertip force and the 
direction of the normal associated with the object surface point. If the points associated with 
at least two fingers point in the same direction as the normals to the object s surface, then force 
closure grasp conditions are evaluated, otherwise the pose is discarded.
The map represents the number of possible poses for the hand s base frame at each point is the 
space around the object in which a configuration exists that leads to a force closure grasp. Neither 
the hand configuration nor the grasp quality at that pose are represented. A variant of the map 
can include the grasp quality. The hand configurations that lead to force closure are not saved.
Mi
m
Figure 4.8: Graspability map for a cup and a) Barrett hand b) DLR hand II c) DLR-HIT 
hand II (Roa et al., 2011)
D i s c u s s i o n  o f  t h e  m e t h o d
This m ethod is completely concerned with the ability of an artificial hand to grasp an object. Un­
like the above methods thou, this method is centred around the object more than the hand.
Although the method can be used to compare hands’ grasping performance using one or more 
reference objects, the map is mostly concerned with the locations from which the hand can grasp 
the object more than the grasp quality or posture. While a variant of the map can include grasp
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quality, the hand configuration for any successful grasp is not stored, and therefore cannot be 
analysed for anthropomorphic resemblance.
This m ethod checks for precision force closure conditions only, it cannot evaluate power grasps 
or the involvement of other parts of the fingers or the palm in the grasp. Furthermore, the method 
only considers forces generated by the fingertips and not reaction forces such as in grasps with side 
opposition. Nevertheless, this m ethod remains the most accurate existing method to evaluate a 
hand s grasping capabilities, but it does not evaluate any aspect of anthropomorphism.
4 .1 .6  M a l v e z z i  e t  a e . S y n G r a s p  T o o l b o x
SynGrasp Toolbox (Malvezzi et al., 2013) is a collection of MATLAB functions developed for 
the analysis of grasping performance of natural and artificial hands. The toolbox is not specific 
to anthropomorphic hands and can be used with non-anthropomorphic robotic grippers. The 
toolbox contains four groups of functions: Hand modelling, Grasp definition, Grasp analysis, 
and Graphics.
The Hand modelling group contains functions that allow defining the kinematic structure of a 
hand by defining a set of “fingers”. Each finger is defined using the Denavit-Hartenberg parameters 
for the joints of the finger, a homogeneous transform matrix for the finger base frame, and a vector 
q containing values of joint variables. An array of these fingers is used to define a hand. Another
i
function takes as an input a vector q representing a configuration and returns the hand in the 
new posture. Rigid and compliant kinematic coupling, along with “the synergistic organisation 
of hand joints” can be defined by a “synergy matrix associated to each hand”. This matrix “can be 
manually set or dynamically calculated and can be used for the actuation either of rigid or soft 
synergies”. The toolbox provide a set of hand models including “a kinematic and dynamic model, 
inspired by the human hand, that does not closely copy the properties of one specific human 
hand” but models the human hand in a similar way to robot hands. The model takes into account 
the “the synergistic organisation of the sensorimotor system” and implements a synergy matrix 
for the human hand from the literature.
The Grasp definition functions allow for defining contact points on the bases or ends of the 
links of each finger. The functions also allow for defining the selection matrix, the grasp andjaco- 
bian matrices, joint and contact stiffness matrices and a synergy stiffness matrix. A virtual object 
is defined either using the contact points with their geometric centroid as the centre of mass or 
using the elementary geometric shapes: cylinder, box or sphere.
The Grasp analysis group enables a quasi-static analysis of the grasp quality along with other 
evaluation measures. “The toolbox allows to perform kinematic and force manipulability analysis, 
taking into account the joint coupling induced by the underactuation and hand compliance”.
The Graphics group enables a simple visualisation of the hand and object. The links of the hand 
fingers are plotted as cylinders and the palm is plotted as an arbitrary shape connecting the bases 
of each finger. Figure 4.9 shows an example of the visualisation of the kinematic manipulability
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Figure 4.9: SynGrasp Toolbox analysis of a 20 DoFs anthropomorphic hand kinematic ma­
nipulability ellipsoid (Malvezzi et al., 2013)
analysis of a 20 DoF human hand model.
D i s c u s s i o n  o f  t h e  t o o l
This is a useful tool for grasp analysis. It allows modelling many aspects of the hand, including 
surface properties, soft and hard synergies, and joints’ stiffness. The tool allows analysis of the 
kinematic manipulability of the hand and grasp quality
However, the toolbox does not allow for modelling of the geometry of the hand s surface, but 
rather plot the digits as cylinders and the palm as an irregular polyhedron connecting the bases of 
the digits. This has two negative effects, one regarding the accuracy of the contact points locali­
sation and the other relates to the very poor visualisation.
The toolbox does not allow modelling of objects with irregular geometry, it provides the option 
to either use a basic geometric shape (box, cylinder or sphere) or to define an arbitrary polyhe­
dron object using predefined contact points and their centroid as the centre of mass. Such shapes 
are very unrealistic and inherently assume a near perfect fingertip positioning w.r.t the centre of 
mass. It also limits the possible locations of a contact to either the base or tip of each link.
This toolbox can be used as a base for the implementation of any new methods developed in 
this thesis. Since the toolbox is released with an open source and contributions are welcomed 
and encouraged by the original authors.
4 . 2  D i s c u s s i o n
This section discusses the strengths and shortcomings of above methods and propose some con­
cepts of evaluation.
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4 .2 .  i  L e s s o n s  f r o m  e x i s t i n g  m e t h o d s
W h a t  i s  w r o n g  w i t h  e x i s t i n g  m e t h o d s ?
L a c k  o f  c o m p r e h e n s i v e n e s s  Existing methods only focus on either motion capabilities 
or grasping performance. Also, the developers of these methods did not rely on a comprehensive 
understanding of different the components, capabilities, and functionalities of human and arti­
ficial hands. In fact, most methods limit hand capabilities to motion capabilities only and hand 
functionalities to grasping only. This does not allow the user of the m ethod to determine which 
hand components and capabilities are affecting the output and which components and capabili­
ties were not considered during the evaluation process.
Methods that aim to evaluate grasping performance either evaluate hand postures or analyse 
grasp forces, but not both. They are in fact either evaluating a hand’s anthropomorphic postures or 
its grasping performance, but not its anthropomorphic grasping performance. Also, the methods 
are not mutually compatible, for example the Graspability Map cannot be combined with Feix 
et al. (2013) Fingertip Trajectory Analysis.
F l a w e d  e n c o d i n g  Methods that use fingertip poses to judge posture, especially those in­
volving power grasps, are fundamentally flawed. They assume that the hand being evaluated have 
the exact same kinematic structure as the human hand, which is not always the case especially 
with prosthetic hands due to the omission of some joints.
A b s t r a c t  r e p r e s e n t a t i o n  o f  r e s u l t s  Several methods use a simple percentage value to 
represent the evaluation results. This approach provides limited information on the performance 
of the hand being evaluated, such as what grasps it can actually do.
E v a l u a t i o n  a t  a  l a t e  s t a g e  Some “m ethods” test the ability of a prototype to perform the 
required tasks, such as reproducing certain gestures or grasps. These tests are performed after the 
prototype has been constructed, which results in a costly and slow development process.
W h a t  c a n  b e  l e a r n t  f r o m  e x i s t i n g  m e t h o d s ?
L e v e l s  o f  a n a l y s i s :  a b s t r a c t  a n d  e x t e n d e d  e v a l u a t i o n  Two types of analysis can 
be observed: an abstract approach and a detailed one. The first mainly relies on general specifica­
tions of a hand, such as number of actuators and joints, and does not consider factors such as the 
actuators’ force capabilities or the joints’ range of motion. This approach is useful for quick com ­
parison of several hands. The second approach involves analysis of a detailed model describing 
properties such as links’ dimensions and joints’ range of motion. This approach is necessary for 
an accurate prediction of the hand’s potential functional performance.
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A n t h r o p o m o r p h i c  r e f e r e n c e s  Despite having problems with the approach, some m eth­
ods utilise useful references. In particular, methods that evaluate motion capabilities, such as 
methods that implement medical tests and Liarokapis et al. (2013) Workspace Analysis, use the 
human hand motion range as a reference. Methods that evaluate grasping performance, such as 
Feixet al. (2013) Fingertip Trajectory Analysis, use taxonomies of anthropomorphic grasps. The 
use of anthropomorphic references allows for predicting human-like performance, thus excluding 
non-anthropomorphic performance such as optimised grasping for industrial applications.
A c t i o n  m a n i f o l d  The concept of defining a functional reference of a hand in terms of a set of 
all possible tasks is useful as it allows for separate definitions of the physical and. functional anthro­
pomorphic references to evaluate artificial hands.
F u n c t i o n a l  c r i t e r i a  Some methods, such as the Graspability Map, utilises functional cri­
teria, such as force closure conditions, to judge functional performance. These criteria are more 
accurate in determining the functional performance of a hand in comparison with methods that 
only rely on motion range or anthropomorphic postures.
E v a l u a t i o n  b y  s i m u l a t i o n  Some methods perform a computer simulation to evaluate a 
hand s design prior to prototyping it. This allows for evaluation during early stages in the devel­
opment process with less cost than methods that use prototypes to perform the evaluation.
4 .2 .2  E v a l u a t i o n  c o n c e p t s
Existing methods are not sufficient to comprehensively evaluate a hand. Therefore, this section 
proposes some ideas for a new method that combines the strengths of existing ones and provides 
alternative approaches to account for their shortcomings.
It has been observed that some methods evaluate the anthropomorphism  of a hand s postures 
without investigating performance while others focus on functional performance regardless of its 
anthropomorphism. Therefore, it is possible to evaluate anthropomorphic performance: i.e the abil­
ity of a hand to perform  a task in an anthropomorphic manner. This thesis categorises hand com­
ponents and capabilities into structure, surface, sensory, and actuation components. The evaluation 
should consider each component s role when possible.
For a comprehensive evaluation of a hand s anthropomorphic functional performance, this the­
sis proposes to evaluate the hands performance in each of the three functionalities identified in 
Chapter 2. The tasks of these functionalities are used to define an action manifold for the anthropo­
morphic artificial hand.
However, this approach is not useful if a user wants to determine if a hand is capable of perform ­
ing a task not included in those functionalities. In this case, this thesis proposes to combine the 
methods used to evaluate each functionality in one m ethod that takes as input a task description 
along with the hand model and produces as output the hand performance in this task only.
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This thesis refers to the first approach as functionality-based evaluation, and refers to the second 
approach as task-based functional evaluation. Chapter 5 lists the tasks of the action manifold and 
analyses them to determine how to simulate each task and how to quantify a hands performance 
in the task.
The two functional evaluation approaches above are simulation based. Several evaluation m eth­
ods have their own dedicated implementations which perform all required simulation and anal­
ysis. These tools are developed only for those methods, they cannot be used for our methods. 
However, there are other simulation tools that are developed for other hand related purposes, 
such as the SynGrasp Toolbox. These have some potential to be used in the proposed method; 
however, it may still be necessary to implement dedicated tools. Chapter 6 discusses and imple­
ments the simulation tools.
C h a p t e r  c l o s u r e
This chapter reviewed some existing methods used to evaluate human and artificial hands. It 
noted that existing methods suffer from a number of drawbacks. It proposed that these drawbacks 
can be overcome by a more comprehensive understanding of the functionalities performed by the 
human hand and the roles of different hand parts in each functionality.
Therefore, the following chapter discusses hand functionalities in more details to identify the 
roles of different parts, determine how to simulate their tasks, and how to evaluate a hand s per­
formance in each task.
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5
Task Modelling And Analysis
T h e  a c t i o n  m a n i f o l d  o f  a  h a n d  is supposed to include all the tasks that the hand can do. This 
chapter outlines the evaluation framework by defining this action manifold, which is used as a 
functional reference to evaluate artificial hands’ performance, and analysing the manifold tasks to 
determine how to simulate them. Finally a syntax is defined to describe hand tasks and anthro­
pomorphic postures.
I n t r o d u c t i o n
The previous chapter proposed to evaluate an artificial hand by testing, in simulation, its ability 
to perform the tasks that can be performed by its human counterpart. In order to perform this 
evaluation, a reference that defines what are the tasks that the human hand can perform is needed.
As discussed in Chapter 4, Feix et al. (2013) define the action manifold of the human hand 
as the set of “all the postures (or a chosen subset) that a hand can reach”, which they used as a 
reference to evaluate the artificial hands. The action manifold they defined limits the tasks that the 
human hand can do to grasping tasks, and describes each grasp only as a “posture”.
To address this limitation, this thesis extends this concept to include tasks that carry out other 
human hand functionalities and to the roles of different hand parts in each task. Therefore, this 
thesis defines the action manifold as the set o f all the tasks, or a chosen subset, that a hand can do.
For evaluation purposes, a well defined action manifold is required to be used as a. functional 
reference. This thesis calls this the action manifold of the anthropomorphic hand, which is - hypo­
thetically - the set o f all the tasks that an ideal anthropomorphic hand can do.
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However, given the versatility and large number of tasks that can be performed by the human 
hand, and thus would be expected that an ideal anthropomorphic hand can do, defining such set is 
not easy. To the extent of the knowledge of the author of this thesis, there is no comprehensive 
list of all the tasks that an ideal anthropomorphic artificial hand should be able to do. Therefore, 
this chapter studies the primitive tasks of the hand functionalities identified in Chapter 2 to select 
the set of tasks that comprises the action manifold of the anthropomorphic hand.
In order for the evaluation of an artificial hand to be inclusive of the roles of different hand parts 
in each task, these roles must be clearly understood. Therefore, the selected tasks are analysed 
to determine the hand capabilities and components required to perform them. Based on this 
analysis, the steps to be performed to simulate the tasks are determined.
Several simulation programs are implemented in the next chapter to perform the evaluation on 
a number of hand models. Most of these programs are designed specifically for the tasks in the 
action manifold of the anthropomorphic hand. However, this introduces a limitation for users who 
wish to evaluate a hand s ability to perform only a particular task or modify the action manifold. To 
address this limitation, the simulation and evaluation programs can be combined into one single 
program that does not include any reference tasks but requires, as input, models of the tasks to be 
simulated in addition to the model of the hand being evaluated. Therefore, this chapter presents a 
task description syntax which can be used to describe single tasks, the tasks in the action manifold, 
modify the action manifold, or define a new one. Hand modelling is discussed in the next chapter.
In Section 5.1, the tasks that comprises the action manifold are selected and analysed to deter­
mine the hand capabilities and components required to perform each task and how to simulate it. 
Section 5.2 discusses the components sufficient for a unified and comprehensive task description 
syntax, including a syntax to describe anthropomorphic postures.
5 . 1  A n t h r o p o m o r p h i c  h a n d  a c t i o n  m a n i f o l d
This thesis proposes to use the tasks of the human hand functionalities to compile an anthropo­
morphic hand action manifold. However, some functionalities contain infinite num ber of possible 
tasks. Therefore, this section selects from the tasks reported in the literature a group of tasks that 
represent each functionality. Finally, this section analyses the selected tasks to determine the hand 
capabilities and components required to perform each task in order to simulate it.
5 .1 .1  S e l e c t i n g  t a s k s  t o  c o m p r i s e  t h e  a c t i o n  m a n i f o l d
There are eight Exploratory Procedures (EP) in the active sensing functionality. Two of them, Func­
tion and Part Motion Test, require prior knowledge and are generally ignored in the literature. 
These two are also not sensing tasks from the hand s perspective, but grasping tasks, while the 
sensing part involves global motion and visual feedback. Also, one of the remaining six EPs, the 
Unsupported Holding EP, is only a grasping task from the hands perspective, while the sensing part
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is mainly carried out by effort state sensors in the arm. Therefore, the remaining five EPs are used 
as the action manifold tasks of the active sensing functionality.
There are thirty-three grasps in the grasping functionality, two of which - Distal Type and Tri­
pod Variation - are not considered in this thesis as they are skillful tasks, which brings the total 
number down to thirty-one grasps, including twelve precision grasps. The within-hand manipula­
tion functionality can be performed using any of the twelve precision grasps. Therefore, these tasks 
are used as the action manifold tasks of the prehensile functionalities.
The non-prehensile skills group is much more diverse. Bi-manual music skills functionality and 
piano playing  from the keyboard skills functionality are not included in the action manifold because 
they are skillful tasks. For the gesturing functionality, the ten counting gestures and the seventeen 
“basic handshapes” signs ofBSL are used as the action manifold tasks. For pointing and aiming func­
tionality, the hand task component is only the pointing gesture. For the keyboard skills functionality, 
the tasks of typing on a computer keyboard and tapping on a Morse code transmitter are used.
This leads to a total of seventy-eight tasks for the action manifold. Below, each group is discussed 
to determine how to simulate the tasks. Section 5.2 presents a syntax to describe tasks, for the 
description of all action manifold tasks see Appendix B.
The action manifold tasks are single-handedpnmiftve tasks. Bi-manual and simultaneous within- 
hand tasks, and a possible way to describe skillful tasks, are discussed in Section 5.2.
5 .1 .2  A n a l y s i n g  t h e  t a s k s  i n  t h e  a c t i o n  m a n i f o l d
It is necessary to identify the motion and sensory capabilities required to perform a task - and the 
interaction between the hand and any involved objects - in order to simulate the task and evaluate 
a hand’s ability to perform it. This section analyses the tasks of the action manifold to identify 
these capabilities, the next section discusses how to simulate the tasks based on this analysis.
The motion and sensory capabilities of a hand result from its physical construction. Chapter 3 
categorised hand components into four categories: structure, surface, sensors, and actuation. The 
structure and actuation give rise to the hand’s motion capabilities, and sensors give rise to the hand’s 
sensory capabilities. Surface geometry and physical properties, such as friction and compliance, 
affects the hand’s interaction with external objects. This thesis discusses the components giving 
rise to capabilities required for the performance of the tasks.
The tasks of the action manifold are categorised into five groups based on the task aims observed 
in Chapter 2, which are information exchange, grasping, within-hand manipulation, visual expression, 
and force exchange. Each category is discussed separately.
A c t i v e  S e n s i n g  f u n c t i o n a l i t y  ( I n f o r m a t i o n  E x c h a n g e )
M o t i o n  c a p a b i l i t i e s  These tasks require the hand to assume postures that appear anthro­
pomorphic and position the sensitive parts of the hand’s surface in a pose suitable to make contact 
with objects. There are no timing or force requirements, the tasks can be successfully performed
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at any speed or using any forces. As for postures, graphic illustrations show Lateral Motion EP 
being performed using the extended upper fingers, Pressure and Contour Following EPs being 
performed using the extended index finger, and Static Contact EP being performed using a flat 
open hand posture. There is no specific posture for Enclosure EP.
S e n s o r y  c a p a b i l i t i e s  Lateral Motion and Static Contact EPs require the ability to sense 
surface texture and temperature respectively, both of which are exclusively surface properties that 
can be detected using interaction sensing. Lateral Motion EP requires force data to estimate sur­
face texture, this is implied in Tan et al. (2014) work on interfacing an FSR sensor with a prosthetic 
hand user’s nerves (see Chapter 3 ) which allowed the user to perceive texture. This is also verified 
by an experiment designed by the author of this thesis and conducted by a student undertaking a 
master’s degree under the supervision of the author (see Appendix C). The remaining three EPs 
require both interaction and state sensors to both detect surface information and relate the in­
formation to each other or to the hand’s origin frame at the wrist. Pressure EP aims to estimate 
object’s hardness by comparing the force used to compress the object’s surface with the resulting 
displacement. This requires interaction sensors to detect the force at contact as well as position 
state sensing to estimate the displacement. Contour Following EP aims to track the edge of the 
object to estimate its geometry. This requires the ability to detect the edge and the ability to tract 
its position relative to the hand’s origin frame. Enclosure EP requires the ability to detect contact 
at different locations on the hand’s surface and relate the positions of those contacts to each other 
to obtain an estimation of the object’s geometry and volume.
I n t e r a c t i o n  w i t h  e x t e r n a l  o b j e c t s  All EPs need to make contact with surfaces or edges 
of objects. Lateral Motion, Pressure, and Contour Following EPs make contact at the fingertips. 
Contact may occur anywhere on the hand’s palmar surface in Static Contact and Enclosure EPs. 
Lateral M otion and Contour Following EPs involve motion at contact that m aybe affected by the 
surface friction; however, it is a global motion which is not considered in this thesis.
H a n d  c o m p o n e n t s  Components required to achieve the above capabilities are:
• Structure The structure arrangement and dimensions affects the hand’s ability to assume 
anthropomorphic postures and position the interaction sensors.
• Surface The hand must make contact with objects at specified locations on the hand.
• Sensors The tasks require force, force array, and temperature interaction sensors as well as 
joint position state sensors. Sensor locations are determined by contact locations.
• Actuation The kinematic coupling of the transmission system affects the possible config­
urations which the structure can achieve.
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P r e h e n s i l e  f u n c t i o n a l i t i e s : G r a s p i n g
M o t i o n  c a p a b i l i t i e s  Grasping tasks aim to position the hand links in a posture that will 
restrain the object by satisfying force or form closure conditions. The hand should apply appro­
priate grasp forces. The postures should also appear anthropomorphic.
S e n s o r y  c a p a b i l i t i e s  The tasks require the ability to monitor locations of contact with ob­
jects as well as the forces exchanged at the contact points. The former can be accomplished using 
force array interaction sensors and position state sensors. The latter can be accomplished using 
either force interaction sensors or joint effort state sensors.
I n t e r a c t i o n  w i t h  e x t e r n a l  o b j e c t  Feix et al. (2009) taxonomy represents all possible 
graspable objects using primitive geometric shapes (Figure 2.12). The hand makes contact with 
the objects at several locations, usually fingertips for precision grasps and all surface for power 
grasps, to apply the grasp forces. For description of each object and associated contact locations 
see Appendix B. Surface friction (and compliance) affects the exchange of forces at contact.
H a n d  c o m p o n e n t s  Components required to achieve the above capabilities are:
• Structure The structure arrangement and dimensions affects the hand s ability to assume 
anthropomorphic postures, and position the links and apply forces to restrain the object.
• Surface Surface friction and compliance affects transmission of forces through contact 
points. The hand must make contact with objects at specified locations on the hand.
• Sensors The tasks require joint position state sensors and force interaction sensors or joint 
effort state sensors. Sensor locations are determined by contact locations.
• Actuation The actuators provide the grasp forces. The transmission system properties af­
fect transmission of forces and the kinematic coupling affects the possible configurations 
which the structure can achieve.
P r e h e n s i l e  f u n c t i o n a l i t i e s : W i t h i n -h a n d  M a n i p u l a t i o n
M o t i o n  c a p a b i l i t i e s  W ithin-hand manipulation tasks aims to move the hand links so as 
to change the object s pose with respect to the hand origin frame without loosing force closure. 
These tasks restrain the object using only forces and grasp the object using the fingertips. The 
tasks can be performed successfully at any speed, therefore the tasks are quasi-static.
S e n s o r y  c a p a b i l i t i e s  These tasks share the same sensory requirements as grasping tasks in 
addition to the ability to monitor the positions of hand links to control the hand motion.
I n t e r a c t i o n  w i t h  e x t e r n a l  o b j e c t  This functionality can be performed using any of the 
twelve precision grasps of Feix et al. (2009) taxonomy. The hand makes contact with the objects 
at the fingertips. Surface friction (and compliance) affects the exchange of forces at contact.
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H a n d  c o m p o n e n t s  Components required to achieve the above capabilities are:
• Structure Same as Graspingfunctionality plus the ability to move the segments while main­
taining force closure grasp.
• Surface Same as Grasping functionality.
• Sensors Same as Grasping functionality.
• Actuation Same as Graspingfunctionality plus the ability to move the structure while main­
taining force closure grasp.
N 0 N - P r EHENSILE FUNCTIO NALITIES: G ESTUR IN G  (V ISU A L  E X P R E SSIO N )
M o t i o n  c a p a b i l i t i e s  The only functional motion required in gesturing functionality, and 
pointing and aiming functionality, is the ability to assume anthropomorphic postures. The ges­
tures can usually be performed at any velocity, and there is no force requirements given the ab­
sence of contact.
S e n s o r y  c a p a b i l i t i e s  The tasks require the ability to monitor joint positions to ensure the 
required posture is achieved. There are no interaction sensing requirements due to absence of 
contact.
I n t e r a c t i o n  w i t h  e x t e r n a l  o b j e c t s  There is generally no interaction with external ob­
ject. The only two exception to this is if both hands come in contact during two-handed signs and 
if the hand makes contact with an obj ect while pointing at it, in both cases no force or information 
exchange is required.
H a n d  c o m p o n e n t s  Components required to achieve the above capabilities are:
• Structure The structure arrangement affects the hand s ability to assume anthropom or­
phic postures.
• Surface Surfaces are not involved in these tasks.
• Sensors Joint position state sensors are required to monitor posture.
• Actuation The transmission system kinematic coupling affects the possible configurations 
which the structure can achieve.
N o n -P r e h e n s i l e  f u n c t i o n a l i t i e s : K e y b o a r d  s k i l l s  ( F o r c e  E x c h a n g e )
M o t i o n  c a p a b i l i t i e s  The task of “typing on a computer keyboard” requires the ability to 
move the fingers to press single keys (with appropriate force) without pressing adjacent keys. The 
task has no velocity requirements. The task of “tapping on a Morse code transmitter” requires the 
ability to press and release a key after a specific duration, with appropriate force. The postures 
used during the tasks should also appear anthropomorphic.
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S e n s o ry  c a p a b i l i t i e s  These tasks require state sensors to control posture and forces. The 
task of “tapping on a Morse code transmitter” also require interaction sensors to detect contact 
in order to control timing.
I n t e r a c t i o n  w i t h  e x t e r n a l  o b j e c t s  The tasks involve force exchange with keys of the 
keyboard or Morse code transmitter. A keyboard is a grid of keys with particular dimensions and 
key travel^ the grid resolution is defined as 19.05 mm (0.75 inches) in both directions and the 
key travel is 3.81 mm (0.15 inches). The keys may have activation force. Keys of a Morse code 
transmitter has the same properties.
H a n d  c o m p o n e n ts  Components required to achieve the above capabilities are:
• Structure The structure arrangement affects the hand s ability to assume anthropom or­
phic postures and position the links to deliver the forces needed to press the keys.
• Surface Surface friction and compliance affect force exchange between the hand and ob­
ject. The hand must make contact with objects at specified locations.
• Sensors Joint position and effort state sensors are required to perform the tasks. Force 
interaction sensors is required at the contact location to detect contact, especially for tasks 
involving timing.
• Actuation The actuators provide the forces required to induce the motion in the structure 
as well as the forces required to press the keys. The transmission system properties affect 
transmission of forces and the kinematic coupling affects the possible configurations which 
the structure can achieve.
5 .1 .3  S t e p w i s e  a n a l y s i s  o f  t h e  t a s k s  i n  t h e  a c t i o n  m a n i f o l d
Based on the analysis of the hand capabilities and components required to perform each task, and 
the objects involved in the task, this section proposes a way to simulate each task. This analysis 
also enables determining how to model tasks and hands to be used in the simulation environ­
ment, task modelling is discussed in Section 5.2, hand modelling is discussed in Chapter 6 on the 
implementation of the simulation environment.
Ac tiv e  Se n sin g  fu n c t io n a l it y
To perform the tasks of this functionality, the hand must be able to make contact with the object at 
the specified locations while assuming an anthropomorphic posture. The hand should also con­
tain all the necessary sensors. Therefore, to simulate such tasks, the hand model is used to perform 
the required postures and make contact with an object model at the specified locations. This in­
volves testing the hand posture for anthropomorphism and testing the hand’s surface for correct 
contact with the object. Separately, the test checks if the hand contains the required sensors.
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P r e h e n s i l e  f u n c t i o n a l i t i e s : G r a s p i n g
To perform the tasks of this functionality, the hand must be able to make contact with the object 
at the specified locations and restrain the object either by applying grasping forces only or by 
also achieving form closure. The hand should assume an anthropomorphic posture during the 
grasp. To simulate this task,the same approach as with the simulation of active sensing tasks above 
is followed with the addition of testing for force and form closure conditions at every iteration.
P r e h e n s il e  f u n c t io n a l it ie s : W it h in -h a n d  M a n ipu l a t io n
To perform the tasks of this functionality, the hand must first grasp the object using a precision 
(force closure) grasp then move the hand digits to move the object with respect to the hand 
(Jones and Lederman, 2006). Therefore, to simulate this task, the test first grasps the object us­
ing the steps for grasping above (without testing for form closure). Then, once a precision grasp 
is achieved, it examines the hand’s ability to move the digits in order to move the object. Al­
ternatively, the test checks for all possible configurations of the hand and object that leads to a 
successful grasp, then determines if two different configurations are continuous; i.e, there exist a 
successful grasp at every configuration between the two. If so, then the hand can move the object 
from its pose in one configuration to the other without loosing force closure grasp.
N o n -Pr e h e n sil e  f u n c t io n a l it ie s : Ge st u r in g
The tasks of this functionality only requires the ability to assume anthropomorphic postures. There­
fore, to simulate this task, the hand’s configuration space is scanned and a test checks if each con­
figuration leads to an anthropomorphic posture. Separately, the test checks if the hand contains 
the sensors necessary to monitor the posture.
N o n -Pr e h e n sil e  f u n c t io n a l it ie s : Keybo ard  sk ills
One task of this functionality, “typing on a computer keyboard”, requires the ability to make con­
tact with a specified location of an object without making contact with any other location. The 
task also requires the ability to assume anthropomorphic postures and to deliver an appropriate 
force at the contact. This task can be simulated by modelling the object (a keyboard) and testing 
whether the hand can assume the required postures and press the keys without touching other 
keys. The other task can be similarly simulated except that instead of the spatial constraints (not 
pressing other keys) it has temporal constraints. The digits must be able to press and release the 
key in the specified duration. This last part mainly involves the actuation systems ability to move 
the digits fast enough to perform the task.
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S .2 A SYNTAX TO D E SC R IB E  TASKS
A fixed simulation-based evaluation system that is based on pre-defined tasks (the action mani­
fold) may not be suitable for certain cases, such as if a user wishes to evaluate a hand s ability to 
perform a particular task that is not included in the pre-defined tasks. For this reason, a syntax 
is developed to describe hand tasks based on the task analysis above. This description is used 
as input to a simulation method that combines all the individual tests proposed for each of the 
five categories in Section 5.1.3. One part of this syntax, the syntax to describe anthropomorphic 
postures, is also used as input to a Fuzzy logic system (see Chapter 6) that test for postural anthro­
pomorphism in all the above five individual tests.
Ideally, a comprehensive task description should include all information required to simulate 
or perform the task as well as to determine the hand capabilities required by the task. Gener­
ally, this could be a human-readable verbal description or a computer data structure. This section 
discusses the description of simple and complex tasks, postures and objects involved in the task, 
and the task characteristics. This section aims to describe tasks in both human-readable and data 
structure formats; however, the priority is for data structures as they are necessary for simulation. 
This section discusses the components required in a description and how can they be represented 
in a human-readable format, data structure representations are discussed in Chapter 6 on the im­
plementation of the simulation and evalution program.
5 .2 .1  D e s c r i b i n g  s i m p l e  t a s k s
Most basic task information can be inferred from the characteristics proposed by Dollar (2014). 
For example, occurrence of contact indicates that an object is involved in the task, and prehension 
indicates that the object should be grasped. However, these characteristics on their own do not 
provide any information about the anthropomorphism of the task, the involved objects, or any data 
acquisition or force exchange occurring during the task. Therefore, to describe simple tasks, Dollar
(2014) characteristics are used at the header of a task description (with few additions and m od­
ifications, see Section 5.2.5) and more details of the involved postures, objects, and information 
and force exchange are added in the body of the description.
A n th r o p o m o r p h ic  p o s tu r e s  Tasks can be accomplished using an anthropomorphic or a 
non-anthropomorphic posture. Therefore, a task description should include any postures asso­
ciated with the task. However, the majority of reviewed literature - including literature mainly 
concerned with hand postures during grasping - does not explicitly (verbally) describe hand pos­
tures. Instead it provides graphic illustrations of the postures. Therefore, a syntax to describe 
hand postures must be defined, and the reference postures must be infered from the provided 
graphic illustrations. This point is discussed in more detail in Section 5.2.3.
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T a sk  o b je c t s  A task description should include any objects involved in the task and its re­
lations with the hand. An object description should be as informative as necessary, including 
geometry, mass, and surface friction. Relations between the hand and the object, such as loca­
tions of contacts on the hand and object pose with respect to a hand-fixed frame, determine some 
of the task requirements and affect the anthropomorphism of the task performance. This point is 
discussed in Section 5.2.4.
I n f o r m a t io n  e x c h a n g e  The above description elements are mainly concerned with the 
m otor output role of the hand, but not its sensor input role. Since several tasks require acquir­
ing information about the external environment, it is necessary to include in the task description 
the type of the required information. This is very important for evaluation as some hands many 
contain the motion capabilities required for active sensing tasks but not the sensory capabilities. 
Given the sensor capabilities of human and artificial hands, interaction sensors requirements can 
be force, force array, or temperature data. State sensors data can be position, velocity, or effort of the 
joints.
F o r c e  e x c h a n g e  Some tasks of the human hand functionalities involve applying forces on 
the external object without prehension. This is usually performed by the fingertips. Such forces 
are usually applied through global motion carried out by the host arm; however, in some cases 
the forces my be generated through a with-in hand motion. Therefore, task descriptions should 
include any necessary non-prehensile force exchange described as a contact wrench in a hand frame 
defined in a similar manner as object frame relations (see Section 5.2.4).
5 .2 .2  D e s c r i b i n g  c o m p l e x  t a s k s
Complex tasks, such as “time-separated sequences”, “simultaneous bi-manual” and ” simultane­
ous within-hand” tasks, cannot be described using the above approach. Therefore, this thesis 
utilises Dollar (2014) proposal to describe them as a “sum of (their) discrete sub-components”.
M o t io n  s e q u e n c e  A “time-separated sequence” implies motion; however, it does not indi­
cate if the motion is slow enough to ignore the effect of inertial forces (quasi-static) or if those 
forces will affect the task performance. Some tasks may have timing constraints, such as the task 
of tapping on a Morse-code transmitter, affecting motion velocity and acceleration. Therefore, it is 
important to include a detailed description of motion as well as temporal constraints in the task 
description.
This thesis describes motion sequence tasks where timing is not a crucial element - a time invari­
ant sequence - using a sequence of task descriptions for each step, which is referred to as instances. 
These instances form a series of eigenpostures which the hand must follow to execute the task. The 
transition between the instances is assumed trivial, if transition is nontrivial it must be described 
as a separate instance. Timing parameters are added to describe a time constrained sequence.
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Sequence identifier in the task description header indicates the order of the description in a m o­
tion sequence, with the value zero indicating that this task is not part of a sequence. Timing pa­
rameters can be described in terms of time required to change from previous hand state to new 
hand state, which is referred to as rise time, and the duration in which the hand state should be 
maintained or the task should be performed, which is referred to as hold time. These values are in 
seconds, and the value zero indicates that there is no timing constraints.
B i -m a n u a l  t a s k s  A bi-manual task is described as two or more instances, at least one instance 
per hand. A hand identifier flag is included in the description to indicate if it is part of a bi-manual 
task description. Bi-manual tasks are usually mirrored between users who prefer to use their left 
hand (left-handed) and users who prefer to use their right hand (right-handed). Therefore, this 
thesis adopts the approach of describing BSL signs by describing bi-manual tasks in terms of 
“prime” and “secondary” hands, where the “prime” hand is the user s preferred hand, i.e left for 
left-handed users. Therefore, the flag can take the values “P” or “S” to indicate description of the 
prim or secondary hand respectively. The flag is set to zero for single-handed tasks.
Ifboth hands come in contact with each other during the task, this thesis describes the relations 
between them as a hand-object relation. Therefore, each hand is described as the task object for 
the other hand.
W i t h i n -h a n d  t a s k  r e q u i r e m e n t s  Simple descriptions are not sufficient to indicate if a 
task can be performed simultaneously with another task in the same hand, i.e inter-task compati­
bility. To determine two tasks compatibility with each other, the descriptions must include some 
parameters that allow the detection of any conflict.
The example of “thumb-typing on smartphone” task suggests a possible solution. In this ex­
ample the palm and a set of digits - the fingers - are performing the first task; supporting the 
smartphone, while the digit unused by this task - the thumb - is utilised by the second task; typ­
ing on the screen. The first task requires the palm and four digits, leaving one digit unused. In this 
case, any task that only requires the unused digit can be performed simultaneously with the first 
task. Therefore, palmar and digital requirements are included in the form of six Boolean variables 
representing, in order, the palm, thumb, index, middle, ring, and small finger.
C o m p o u n d  a n d  s k i l l f u l  t a s k s  Some tasks may include other tasks, for example non-prehensile 
aiming task can be performed using a. grasped object (stylus) and playing percussion musical in­
struments may require grasping the drumsticks. To avoid complication, this thesis only describes 
the part of the task that directly involve the hand. For the above two examples, this is a grasping 
task to hold the stylus or drumsticks, regardless of what they are used for. A similar approach 
can be used to describe skillful tasks, provided that the task can be broken down into primitive 
“sub-componenets”.
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5 . 2.3  D e s c r i b i n g  a n t h r o p o m o r p h i c  p o s t u r e s
Most reviewed literature does not verbally describe hand postures, instead it provides graphic 
illustrations of the postures. While a graphic illustration is useful to describe the posture to a hu­
man observer, it cannot be directly used as input to a computer algorithm or simulation program. 
Therefore, this thesis needs to establish a syntax to describe hand postures and infer reference 
postures for each task from the provided graphic illustrations.
The only literature that includes verbal descriptions of postures is the literature on gestures and 
signs. However, there is usually a graphical illustration accompanying the description, which re­
laxes the requirements on the definiteness of the verbal description. The verbal descriptions pro­
vided in this literature are analysed to determine how to describe postures in a clear and defined 
way without the graphic illustrations.
A n a l y s i s  o f  BSL d e s c r i p t i o n s
The analyses begins by analysing descriptions of BSL “basic handshapes” signs (Table 5.1). These 
are single hand postures that are most used in BSL. These postures are sometimes used during the 
description of other signs. The first observation is that the descriptions take the following form:
• hand/hand part(s) is/are at | state I
State can be definitive, as in “hand is closed”, or a relation with another hand part, as in “thumb 
is across the fingers”. It can also include a location as in “bent at the palm knuckles”, magnitude 
approximation as in “tightly closed”, or shapes as in “curved in a 'C  shape”
It is noted that specific words (Table 5.3) are used to describe the state. Identifying when each 
word is used is done by comparing the descriptions with the provided illustrations (Table 5.2).
Another observation is that the hand is described as “tightly closed” when all joints of all fingers 
are flexed, making the fingers “curled” into the palm. But it is described only as “closed” when the 
first and second joints of each finger are flexed but the last joint remains extended. All descriptions 
starting with “the hand” always include a separate description of the state of the thumb, which 
indicates that the term “hand” is mainly a reference to the fingers. Some of these descriptions 
include a separate description of one or more of the fingers.
Another observation is that the finger abduction is described as a relation - separation - be­
tween fingers, not an independent state of individual fingers. The word “extended” is used ex­
clusively to describe the extension of the M CP joints, while the word “straight” is used with the 
interphalangeal joints.
The thumb is usually described in terms of its relation to the fingers. Finally, it is observed that 
magnitude of any state is described using approximate values, as in slightly and tightly.
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Handshape Description
Fist
Bunched Hand 
Closed Hand 
Flat Hand 
Open Hand 
Clawed Hand 
Bent Hand 
‘C’ Hand 
‘O ’ Hand 
‘L’ Hand 
‘M ’ Hand 
‘N ’ Hand 
Irish ‘T ’ Hand 
‘V ’ Hand 
‘Y’ Hand 
Full ‘C’ Hand 
Full ‘O ’ Hand
The hand is ! tightly closed j and the thumb is f  across the fingers ]
The finger ends and thumb are | bunched together
The hand is I closed i  and the thumb is against the index finger]
The fingers are | straight and together
The fingers and thumb are ! straight and spread apart
The fingers are j extended and bent and spread apart
The fingers are f  straight and together and bent at the palm knuckles]
Hand is | closed ] with index finger and thumb I extended and curved in a ‘C’ shape 
The tip of the index finger touches the tip of the thumb to form an ‘O ’ shape 
The hand is | closed ! with the index finger and thumb | extended in ‘L’ shape 
The index, middle and ring fingers are extended, straight and held together ]
The index and middle fingers are I extended, straight and held together 
The hand is j  closed ] with the index finger | bent round the top of the thumb |
The index and middle fingers are I extended and spread apart
The hand is f closed with the little finger and thumb ! extended
The thumb is | curved and the fingers are [held together and curved in a ‘C’ shape
The tips of fingers and thumb are ! held together to form an ‘O ’ shape
Table 5.1: Description of basic BSL handshapes (Smith, 2009)
Bunched Hand Open HandClosed Hand Flat HandFist
Clawed Hand Bent Hand ‘C ’ Hand ‘O ’ Hand
‘N ’ Hand‘M ’ Hand Irish ‘T ’ Hand ‘V ’ Hand
Full ‘O ’ HandFull ‘C’ Hand
Table 5.2: Images of basic BSL handshapes signs (Smith, 2009)
‘L’ Hand
‘Y’ Hand
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Hand part Definitive state Relative state Location Magnitude Shape.
Hand Closed Tightly
Digits 
Finger ends 
Top of (digit) 
Tip of (digit)
Extended
Straight
Bent
Curved
Across 
Bunched 
Together 
Spread apart 
Bent round 
Touches
(palm) knuckle ‘O’ shape 
‘C’ shape 
‘L’ shape
Table 5.3: Words used In descriptions of BSL signs
D e s c r i b i n g  p o s t u r e s
The syntax is defined by comparing the words above with the human hand motion capabilities. 
The posture o f a finger is described as the state of three motions; abduction, flexion of the MCP 
joint, and flexion of interphalangeal joints. Abduction can only be described as a relation between 
pairs of fingers, therefore state of abduction can be “crossing” “together”, or “separated”. Flexion 
at the MCP joint is described using the words “extended” and “bent at first-knuckle”. The words 
“straight”, “curved”, or “curled” are used to describe flexion at both the PIP and DIP joints, where 
“curled” refers to both joints being fully flexed. Flexion at only one of the two joints is described 
using “bent at second-knuckle/third-knuckle”. The word “slightly” is used with “bent” to describe 
the magnitude of the motion.
Describing the thumbs posture is more complex due to its high mobility. The terms “in op­
position” and “in retroposition” are used to describe the opposition state. This thesis adopts the 
approach of some resources to use “abducted” and “adducted” to describe palmar abduction. Ra­
dial abduction is described using “far” from or “adjacent” to the palm. Note that this state is only 
applicable when the thumb is in retropostion. Flexion at MCP and IP joints is described the same 
way as the fingers. Finally, a description of the thumb tip s contact relation with the fingers can 
be added, as in “touching the back of the fingers”.
This standard posture description syntax takes the form
• The hand is in state. Thefinger(s) is/are in state. The thumb is in state.
There are four possible states for the hand; closed, tightly closed, open, and flat. The fingers could 
be any or all of the four fingers, including using the terms upper and lower fingers. Their states are 
any of the words mentioned above, described in the order; abduction state, MCP flexion state, 
and interphalangeal joints state. The state of the thumb is described in the order; opposition, 
palmar abduction, radial abduction, MCP flexion, IP flexion, and contact relations with other 
fingers. Any digit state not described is assumed to be the default indicated by the state o f the 
hand, if no hand state is described then open state is assumed. Table 5.4 lists the possible states.
The description of the above 'M' Hand posture using the description syntax would be; 1he hand 
is flat. The small finger is bent at first knuckle and bent at second knuckle. The thumb is in opposition,
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Hand part State
Hand (Tightly) Closed Open | Flat
Fingers Crossing | Together | Separated 
Extended | (Slightly) Bent at first knuckle
Straight | Curved | Curled | (Slightly) Bent at second/third knuckle
Thumb In opposition | In retropostion
Abducted | Adducted
Far from palm | Adjacent to palm
Curved | Extended/Straight | (Slightly) Bent at first/second knuckle
Table 5.4: Posture description possible states
abducted, curved, and  touches the back o f  the sm all finger. The new descriptions of all BSL basic 
handshapes used in the action m anifold  is provided in Table B.io.
5 .2 .4  D e s c r i b i n g  o b j e c t s
A task description should include, when necessary, a description of any involved objects as well 
as the contact and spatial relations between the hand and the object.
O b j e c t
An object description should indicate at least the geometry of the object. If needed, the descrip­
tion can also include the mass, inertia matrix, and surface compliance and friction.
However, a verbal description is not an efficient representation for simulation purposes, es­
pecially for complex geometric objects, where a data structure would be more efficient to fully 
describe the object. This point is revisited in Chapter 6.
C o n t a c t  r e l a t i o n s
To describe location of contact, the hand is divided into regions of palm and proximal and distal 
digits’ segments. The middle phalanx, if present in the artificial hand, is considered as part of the 
proximal segment. This results in eleven locations on the hand where contact with an object can 
occur. Figure 5.1 shows an example of possible contact locations on the InMoov robot hand.
The full relation is described as an array of eleven integers, each describing the state of contact 
at a location. The first integer represents the palm. Each two subsequent integers represent the 
proximal and distal segments of a digit; starting at the thumb, followed by the index finger, and 
so on. There are four possible states of contact on each location; o) the segment should not be in 
contact, 1) the segment may be in contact, 2) at least one segment within the digit should be in
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Palm
Proximal Segments 
Distal Segments
Figure 5.1: Contact locations on the InMoov robot hand (built at Sheffield Hallam Univer­
sity based on the model provided by Langevin (2012))
contact, and 3 ) this segment should be in contact. For example, to describe contact occurring on 
the fingertips of all digits, the relation is written as: [ 0 - 0 3 - 0 3 - 0 3 - 0 3 - 0 3 ] .
P o s e
In order to simulate a task, the task description should indicate where the object should be located 
with respect to the hand. Object pose is ideally defined between a frame fixed at the object’s 
Centre of Mass (CoM ) and a frame fixed at the hand. The hand frame is chosen to be either 
the wrist, a joint frame, or a tip frame, possibly translated to the surface. However, given the 
differences in dimensions between different hands, it maybe easier to define the pose as to lie in a 
workspace of the palm or digits, or within a range defined by locations on the hand. Here, a simple 
way to describe the relation as a. fram e, workspace, or range is presented.
F r a m e  Frame relations are defined relative to the wrist, joint, or tip frames. The wrist frame 
is denoted by uppercase ‘O ’ (origin), joint and tip frames are denoted by uppercase ‘D ’ (digit) 
followed by the digit number and a lowercase suffix ‘p ,  ‘m , cT, or ‘t ’ to indicate p ro x im a l, m iddle, 
dista l joint, or the digit tip  respectively. A lowercase prefix T  is used to indicate the description 
is of a fram e. Finally, the frame can be translated along its z-axis to the palmar (frontal) surface, 
denoted by the suffix ‘_ f ’, or the dorsal (back) surface, denoted by ‘ _b\ or it can be translated along 
its y-axis to the radial surface, denoted by ‘_ i ,  or the ulnar surface, denoted by ‘_ u ’. For example, to 
describe a frame at the palmar surface of the index distal joint, it is written as “fD 2d_f”. Figure 5.2 
shows an example of frame locations on the InMoov robot hand for the wrist and first two digits as 
well as the translation of the index distal joint frame to the four possible surfaces. The description 
of the^rame is followed by six numerical values describing the object’s CoM pose relative to the
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P lam ar (fro n t) su rface
D orsal (back) su rface
f D l t  Top view
R adial su rface
Figure 5.2: Example frame on the InMoov robot hand (model source: Langevin (2012))
frame in terms of translation in mm along the X, Y, and Z axes and rotation in degrees about the 
three axes.
W o r k s p a c e  A workspace relation is described by indicating that the object frame lies in the 
palm workspace, denoted by ‘P ’, or the workspace of a digit segment, denoted by ‘D ’ followed 
by the digit number and segment identifier p’ ‘m’ or cT. The prefix ‘ws’ is used to indicate a de­
scription of a workspace. The palm workspace is defined by the width and length of the palm and 
assigned a height equal to the length of the longest digit. It can be divided into proximal and distal 
halves, denoted by suffix p’ and cT respectively, and radial and ulnar halves, denoted by V and 
‘u respectively. A workspace relation may be followed by a range relation for the allowed object 
orientating within the workspace. Finally, the symbol ‘lT is used to indicate that the frame lies in 
the intersection of two or more workspaces. For example, to describe that the object CoM  lies in 
the intersection of the palms distal and radial workspaces, it is written as “ws[P^ fl Pr]”.
R a n g e  A range is described using reference points on the hand model. These can be the lo­
cation of the origin (denoted by ‘O ’); a joint or tip (denoted by ‘D ’ followed by digit number, 
segment identifier, and translation to surface), the extension of a segment model in 3D space 
(denoted by ‘P’ for “palm” or ‘D’ followed by digit number and segment identifier and an indi­
cation of the direction of extension), or the length of a digit (denoted by ‘D ’ followed by digit 
number and the suffix ‘_ 1’). To describe the direction of extension, the suffix ‘_ p ’ or ‘_ d ’ is used 
to indicate “proximal” or “distal” ends respectively, ‘_ f ’ or ‘_b ’ to indicate “palmar” (frontal) or
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“dorsal” (back) ends respectively, or ‘_ r ’ or ‘_ u  to indicate “radial” and “ulnar” ends respectively. 
The prefix V is used to indicate a description of a range. The description of the relation consists of 
the minimum and maximum values for hand points for each of the six pose values plus the mini­
mum and maximum numerical values derived from the dimensions of the object. The minimum 
and maximum values, if required, are separated by the character
For example, to describe the pose relation for the object associated with “precision sphere 
grasp” as a range, it is written as: [rO~ P_d, rP_r~ P_u, rP_f+43~ rE>3_l, rO, rO, rO].
5 .2 .5  T a s k  CHARACTERISTICS
Dollar (2014) described five tasks characteristics which are useful for task description and anal­
ysis. They can be used to determine required analysis methods and parameters.
Occurrence of contact indicates that the model and subsequent analysis of the task should in­
clude a contact interface model. It also indicates that the task may involve interaction sensing. 
Occurrence of prehension further indicates that restraint analysis is required. Occurrence of m o­
tion indicates that further analysis may be required if the task has any temporal constraints. The 
indication of whether the motion is global or within hand determines whether the analysis ap­
plies to the host arm or the hand itself. Occurrence of motion at contact indicates that surface 
properties at contact need to be included in the analysis.
Re d e fin e d  c h a r a c t er ist ic s
Some of Dollar (2014) definitions of characteristics relating to motion are misleading. Addition­
ally, the five characteristics do not cover all the proposed parameters, such as presence of refer­
ence postures. Therefore, two of the original characteristics are redefined and three new ones are 
introduced.
M o t io n  Dollar (2014) approach of describing motion begins by indicating if “any part o f the 
hand moves relative to body fixed frame] including global and within-hand motion. The following 
characteristic defines if the motion is within the hand, which is only applicable when the earlier 
characteristic is true. However, this means the description of a task that includes within-hand 
motion only and a task that includes global and within-hand motion will be the same, with no 
way to determine the state of global motion. Therefore, “motion” characteristic is renamed and 
redefined to be exclusive for “global motion”; there is “global motion” if the hand base frame moves 
relative to body fixed frame. Subsequently, within hand motion is independent, allowing description 
of occurrence of global motion only, within-hand motion only, or both.
M o t io n  at contact  Dollar (2014) definition of “motion at contact” may be misleading. The 
term “motion at contact” implies that the two contacting surfaces are moving relative to each
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other, i.e slipping or rolling. However Dollar (2014) defines motion at contact as a motion be­
tween the object s reference frame and contact point frame(s). This definition therefore applies to 
situations such as compressing compliant objects as in Pressure EP, where contact point frame(s) 
move relative to object frame without the occurrence of slipping or rolling. This further compli­
cate things if the relations between the object s reference frame and the object s surface points 
frames are not fixed, for example when handling soft fabrics. “M otion at contact” is redefined to 
be: there is motion at contact if the contact points change position on either surfaces with time
N e w  c h a r a c t e r i s t i c s
This thesis proposes three new characteristics to be included in a task description header. Three 
Boolean flags denoted by ‘R’, ‘D ’, and ‘F’ indicate the presence of associated postures, information 
exchange, and force constraints respectively, with the force constraints described in the body of 
the task description as contact wrenches.
C h a p t e r  c l o s u r e
This chapter presents an outline of a framework to evaluate artificial hands by defining the tasks 
the hands should be able to perform and howto simulate these tasks. The chapter selected seventy- 
eight tasks that comprise the action manifold o f the anthropomorphic hand, which is the set of all 
tasks that a hypothetical ideal anthropomorphic hand can do. This action manifold is the functional 
reference to evaluate anthropomorphic artificial hands in the proposed framework.
The tasks were analysed to determine the hand capabilities and components required to per­
form the them. The roles of structure, surface, sensory, and actuation components and motion and 
sensory capabilities of artificial hands in the performance of the tasks were determined. Also, the 
objects involved in the tasks, and how the hand will interact with them, were determined. This 
chapter also proposed the steps required to be performed in simulation to perform the tasks.
Based on the analysis of the tasks, this chapter proposed a syntax to describe manual tasks, 
including a syntax to describe anthropomorphic postures. This syntax can be used to describe any 
hand task, which can then be used as input to a simulation and evaluation program to evaluate a 
hand s ability to perform the task. The syntax can also be used to describe the tasks in the action 
manifold, modify the action manifold, or define a new one. It is used to describe the tasks in the 
action manifold of the anthropomorphic hand in Appendix B.
The next chapter implements the simulation steps proposed in Section 5.1 to evaluate anthro­
pomorphic posture and grasping capabilities and discusses how to use the simulation results as 
an indication of a hand s performance.
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6
Hand Evaluation
T his c h a p te r  d e sc rib es  t h e  im p le m e n ta tio n  o f  p ro cesses  t o  q u a n t i f y  f u n c t i o n a l  
p e rfo rm a n c e  of an anthropomorphic hand by simulating the tasks in the action manifold or 
individual tasks described using the task description syntax.
I n t r o d u c t i o n
Chapter 4 suggested two approaches to functional performance evaluation. In functionality-based 
evaluation, a predefined set of tasks representing all hand functionalities, called the action mani­
fold of the anthropomorphic hand, are simulated and the artificial hand s ability to perform these 
tasks is evaluated based on the simulation results and the presence of specific hand components 
required for successful performance of the tasks. The evaluation processes described here, and 
task modelling syntax described in Chapter 5, are designed to be able to account for tasks of any 
functionality.
Section 6.1 proposes a process that uses Fuzzy logic to evaluate postures. Section 6.2 proposes 
a process to evaluate anthropomorphic grasping performance.
The simulation processes, and other parts of the evaluation method, require a computer model 
of the hand being evaluated. The particular components of that model depends on the require­
ments of each process. The modelling requirements of each process are discussed in its section. 
For the MATLAB implementation code of the processes discussed in this chapter please see A p­
pendix D.
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6 .1  P o s t u r e  e v a l u a t i o n
The posture evaluation process (Figure 6.1) investigates a hands ability to assume anthropomor­
phic postures. Assuming that the hand surface is uniform and parallel to the kinematic structure, 
the evaluation is performed exclusively in the kinematic domain.
Reference postures are defined using the anthropomorphic posture description syntax proposed 
in Chapter 5. The hand configuration space is scanned and each configuration is evaluated to de­
termine if it leads to a reference posture. Additionally the process is used during other evaluation 
processes to test configurations selected through each process routine. At any given configuration 
the process compares the current and the reference postures. Fuzzy logic is used to perform the 
comparison in Sections 6.1.2 and 6.1.3.
C
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’
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Figure 6.1: Flowchart of posture evaluation Figure 6.2: Flowchart of posture analysis 
process process
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Figure 6.3: Bio-inspired abstract kinematic mapping for posture representation (background 
hand image source American Society for Surgery of the Hand)
6 .1 .1  R e p r e s e n t a t i o n  o f  a r t i f i c i a l  h a n d  p o s t u r e
Given that the anthropomorphic postures are defined with respect to the human hand, the artificial 
hand s posture needs to be encoded in a compatible format. The joint angles of a hand kinematic 
model cannot be used directly to encode posture because different hands have different kinematic 
structures. A kinematic mapping, based on the human hand, is used to address this issue (6.3). 
This mapping requires definitions of correspondences between the joints of the human hand and 
those of the kinematic model to be included in the model.
The mapping is inspired by the human hand bone arrangement. Any hand is represented by 
five serial link chains, the first chain is made of three links and the subsequent chains are made of 
four links each. All links originate from the hand origin frame at the wrist. This point is ideally 
placed directly in line with the longitudinal axis of the middle finger. The mapping can be applied 
to models of the human hand (Figure 6.4) or artificial hands (Figure 6.5).
Correspondences between digits and joints of the human hand and those of the kinematic 
model to be mapped must be defined in the model. These are defined with an order of significance 
starting from the thumb to the small finger and from the proximal to the distal joints. For digits 
with more than three joints - two for the thumb - all excess joints are assigned to the palm itself.
Vectors representing the metacarpal links (black vectors in Figures 6.3 to 6.5) are drawn from 
the hand origin frame to the M CP joint s first DoF. Auxiliary lines (yellow vectors) connect the 
MCP joints of adjacent digits forming a triangle with the metacarpal links. Subsequent links (red 
vectors) are drawn from the first DoF of the links joint to that of the following links joint. The 
final link is drawn from the last joint to the tip of the digit.
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Figure 6.4: Kinematic mapping applied to a model of the human hand (Appendix A)
Figure 6.5: Kinematic mapping applied to models of: left) the Shadow robot hand, and 
right) InMoov robot hand
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The palm is represented by the four triangles formed by the metacarpal links and the auxiliary 
lines. These triangles are used as reference planes to determine the state of the palm and digits, 
hereinafter called palmar planes. The second palmar plane - between upper fingers’ metacarpals - 
is the main reference plane for the hand.
A plane is defined using a point and a normal unit vector. The point can be the hand origin or 
the location of an M CP joint associated with the plane. The normal is the cross product of the 
vectors of the two metacarpal links forming the plane, calculate so that its direction lies in the 
palmar (positive z-axis) direction.
M e a su r in g  and  e n c o d in g  po stu r es
T h e  paxm The externally observable palm arching is a result of the motion of the lower fingers’ 
metacarpals. The dihedral angles between the main reference plane and the third palmar plane 
and between the third and fourth palmar planes can be used to encode these motions if needed. 
These angles are to some extent analogues to the motion of the IMC joints. Figure 6.6 shows an 
example of measuring these angles by measuring the angles between the normals to palmar planes 
in the Shadow and the InMoov robot hands. The other DoF normally attributed to the CMC 
joints, abduction, can also be represented by the angle between the two metacarpal vectors of 
each palmar plane. Note that palm arching is not included in anthropomorphic posture descriptions. 
These four values are reserved for future use and not used in the current process.
Figure 6 .6 : Measuring dihedral angles between palmar planes of models of: left) the  
Shadow robot hand, and right) InMoov robot hand
T h e  f i n g e r s  Absolute measurements of MCP abduction are not required since humans ob­
serve them as separation between pairs of adjacent fingers. Therefore, abduction is measured be­
tween the orthonormal projections of the first phalangeal vectors of the pair of fingers on their 
local reference plane. The local reference plane is the main reference plane for the upper fingers, 
the third palmar plane for the Ring finger, and the fourth palmar plane for the Small finger. Fig­
ure 6.7 shows an example of measuring abduction between the upper fingers of a model of the 
Shadow robot hand. Flexion at the MCP is also observed with respect to the palm. M CP flexion
is measured as the angle between the first phalangeal vector and its projection on the local refer­
ence plane. Flexion of subsequent joints, the interphalangeal joints, is simply measured between 
the vectors of the phalanges before and after the joint. Figure 6.8 shows an example of measuring 
M CP flexion (<pl ) and DIP flexion (<p2) of a model of the InMoov robot hand.
Figure 6.7: Example of measuring finger Figure 6 .8 : Example of measuring finger
abduction of the Shadow hand flexion of the InMoov hand
T h e  th u m b  The dihedral angle between (the normals to) the thum b’s palmar plane and the 
main reference plane is used to encode state of thumb opposition (Figure ??). The angle between 
thumb and index metacarpals can be used as a measure of the thumb metacarpals abduction; 
however, this is only reserved for future use and not utilised in the current system. Radial ab­
duction angle is measured between the orthonormal projections of the auxiliary line (between 
the thumb and index) and the thumbs proximal vector on the main referenceplane (<p2 in Figure- 
fig::MappingThumbAbduction). The auxiliary line is chosen because it is an approximate repre­
sentation of the flexible web between the thumb and the palm, which is more externally observ­
able than the index finger due to its proximity to the thumb. Palmar abduction angle is measured 
between the thum bs proximal vector and its projection on the main reference plane (<p1 in Figure- 
fig::MappingThumbAbduction). The thum bs M CP flexion is measured between the proximal 
phalangeal vector and its projection on the thumb’s palmar plane, similar to the fingers’ M CP 
joints. Finally, the IP flexion is measured between the vectors of the two phalanges.
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Figure 6.9: Measuring thumb opposition of a model of the InMoov robot hand
Figure 6.10: Measuring thumb abduction of a model of the Shadow robot hand 
6 .1 .2  I n p u t  MEM BER FUNC TIO NS
Inspired by the uncertainty in human perception of postures, fuzzy logic is used to perform the 
comparison between a reference posture and the hand posture at a configuration. Reference pos­
tures are described using verbal states, while postures at configuration are measured in numerical 
values. In a Fuzzy Inference System, the input member functions serves to attribute verbal states 
to the input numerical values.
There are three flexion angles for each finger and a total of three separation angles between all 
four fingers. Each flexion angle can be attributed one of three states: extended/straight, slightly 
bent, or bent. Separation angles can be attributed: crossing, together, or separated. To determine 
the numerical values associated with each state, the zero value is attributed to the home state (ex­
tended, straight, and together) and the remaining motion range is divided equally on all states.
The thumb posture is encoded by five angles. Opposition can be attributed in opposition or in
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Figure 6.12: FIS input member function for; left) thumb opposition, right) thumb flexion
6 .1 .3  P a r s i n g  THE REFERENCE PO STURES
The verbal descriptions of the reference postures are used to generate the rules to be used in the 
Fuzzy Inference System. These rules are used to evaluate the hand posture at a configuration, 
which is encoded using the above mapping. The result is the evaluation score for the posture.
One output variable is defined for each posture. Two membership functions are defined for 
the output variable: anthropomorphic and non-anthropomorphic (Figure 6.13). A text parsing 
routine converts the posture descriptions to two fuzzy logic rules.
• The first rule states that if all the input values (angles of the kinematic mapping) match the 
posture description then output (posture) is anthropomorphic.
84
nor-anthropomorphic anthropomorphii
0.6
o
0.2
0 0.1 0 .2  0 .3  0 .4  0 .5  0 .6  0 .7  0 .8  0 .9
Fist
Figure 6.13: Membership functions of the output variable
• The second rule states that if all the input values do not match the posture description then 
output is non-anthropomorphic.
For example, for the posture “f is t” with description “The hand is tightly closed. The thum b is in
opposition, abducted, curved, and  touches the back o f  the fingers.”, the two rules will be;
• I f  (upper-fingers is together) and  (center-fingers is together) and (lower-fingers is together) and  
(in dex-M C P  is bent) and  (index-P IP  is ben t) and  (index-D IP  is ben t) an d  (m id d le -M C P  is 
bent) and (m iddle-P IP  is ben t) and  (m iddle-D IP  is ben t) and (ring-M C P  is ben t) and  (ring-PIP  
is ben t) and (ring-D IP is bent) and  (sm all-M C P  is ben t) and  (sm all-P IP  is ben t) an d  (sm all-D IP  
is ben t) and  (thum b-opposition  is opposition ) and (thum b-palm ar-abduction  is abdu c ted ) and  
(th u m b-M C P  is slightly-bent) and  (thum b-IP  is slightly-bent) then (f is t  is an th ropom orph ic)
• I f  (upper-fingers is not together) and  (center-fingers is n o t together) an d  (lower-fingers is n o t 
together) and  (in dex-M C P  is no t ben t) an d  (index-PIP  is no t bent) an d  (in dex-D IP  is n o t ben t) 
and (m idd le-M C P  is not ben t) and  (m iddle-P IP  is no t ben t) and (m idd le-D IP  is n o t ben t) and  
(ring-M C P  is no t bent) and (ring-PIP is n o t bent) and (ring-D IP is not ben t) an d  (sm a ll-M C P  is 
not bent) and (sm all-PIP  is not ben t) and  (sm all-D IP  is n o t ben t) and  (thum b-opposition  is n o t 
opposition ) and (thum b-palm ar-abduction  is not abdu cted ) and (th u m b -M C P  is n o t slightly- 
bent) and  (thum b-IP  is no t slightly-bent) then (f is t  is non-anthropom orphic)
6 . i  .4  E x p e r i m e n t a l  v a l i d a t i o n
The m ethod is verified using a model of the human hand and the seventeen BSL basic handshapes.
Stillfried et al. (2013) human hand model (Appendix A) was used to perform the test.
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P o s t u r e  F I S  o u t p u t
Fist 0.8643
Bunched Hand 0.8723
Closed Hand 0.8601
Flat Hand 0.8606
Open Hand 0.8744
Clawed Hand 0.8744
Bent Hand 0.8674
CHand 0.8674
OHand 0.8550
LHand 0.8719
MHand 0.8552
N  Hand 0.8743
Irish T Hand 0.8629
VHand 0.8631
YHand 0.8550
Full C Hand 0.8698
Full OHand 0.8617
Table 6.1: Fuzzy Inference System output for each posture
Due to the high number of possible hand configurations (2.4832x l028 for the above human 
hand model at a sampling resolution of 5°), random sampling of the configuration space was 
used instead of uniform scanning of all possible configurations. The simulation was performed 
on MATLAB R2oi4a running on a commodity PC. Each simulation session was set to timeout 
after eight hours, in which about 1.2*106 configurations are tested, if not all postures were found. 
The simulation was repeated thirteen times before all seventeen postures were found. N o single 
simulation session found all postures, the simulation run for one-hundred-and-four hours in total.
As seen in Figure 6.13, a posture which matches the anthropomorphic reference posture de­
scription will output a value between 0.8 and 1. All seventeen postures were detected with output 
values between 0.8550 and 0.8743.
Table 6.1 shows the Fuzzy Inference System output for each posture. Tables 6.2 and 6.2 show 
the results of evaluating the input values of each posture through the two membership functions 
of the output variable (Figure 6.13), where the first row of each posture corresponds to the first 
rule and membership function, i.e anthropomorphic, and the second corresponds to the non- 
anthropomorphic rule and membership function. These results show that some postures were 
detected despite that some of the examined posture angles where close but not identical to the 
reference posture, which emphasises the advantage of using Fuzzy logic to approximate human 
perception (Section 6.1.2).
Tables 6.4 and 6.5 show the complete output for each posture when evaluated by the Fuzzy 
Inference System for each of the seventeen reference postures, where rows are hand postures and • 
columns are FIS for reference postures. These results show that non of the postures was reported a
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value higher than 0.8 for any FIS output other than the matching reference postures, i.e no posture 
was detected by more than one FIS. Tables 6.6 and 6.7 present the configurations o f the human 
hand model at each posture. Tables 6.8 to 6.10 show images of the postures performed by the 
hand model in MATLAB.
6.1.5 C r it iq u e  
L i m i t a t i o n s  o f  t h e  m e t h o d
Currently the approach to perform the mapping suffers from four problems that range from mi­
nor to serious. The minor problems relate to the proximal vectors projections at 90 degrees pitch, 
where the projection will be a point, making it hard to measure any angles between the projection 
and other vectors. Also, after this point, the projection will be in the opposite direction, causing 
a wrong separation and MCP flexion angles measurement. These two problems are considered 
minor as the hand models used in this thesis do not go up to 90 degree pitch at the MCP joints. 
Another minor problem is that any hyperextension will be incorrectly measured as flexion.
A more serious problem relates to the process’s sensitivity to any small misplacement in joint 
positions in the hand model. It is common with different human hand models to place the joint 
locations in different points along their rotational axis due to the differences in anthropometric 
data and the irregularity o f the biological joints’ geometry, this is most common in models using 
DH parameters conventions.
One possible solution to these problems is to develop a process to generate a mapping matrix 
for each hand model which can then be used at any configuration to convert from the hands’ joint 
space to the kinematic mapping used with the Fuzzy inference system.
E v a l u a t i o n  t i m e
The validation process in Section 6.1.4 was performed over a duration of approximately one- 
hundred-and-four hours. One reason behind the long time is the method’s sensitivity to small 
misplacement’s of joint position, which may have led to many incorrect mapping between the 
human hand model and the kinematic mapping. However, the two main reasons are the very 
large number of possible configurations and the implementation code in MATLAB.
With regard to the configuration space, a possible solution is to develop a probabilistic search 
method which uses the results of the already scanned configurations and attempt to predict the
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Fist Bunched Hand
Closed Hand Flat Hand
Open Hand Clawed Hand
Table 6.8: Images of human hand model performing basic BSL handshapes signs
94
Bent Hand ‘C’ Hand
‘O ’ Hand V  Hand
Table 6.9: Images of human hand model performing basic BSL handshapes signs (continue)
95
Irish ‘T  Hand ‘V ’ Hand
‘Y* Hand Full ‘C’ Hand
1
x l
Full ‘O ’ Hand
Table 6.10: Images of human hand model performing basic BSL handshapes signs (con­
tinue)
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configurations that have a higher probability to lead to successful results. As for the implemen­
tation code, the code could be optimised by using faster routines. Alternatively, the method can 
be reimplemented using a complied programming language. Complied programming languages, 
such as C++, are know to run faster than interpreted programming languages such as MATLAB.
6 . 2  G r a s p i n g  e v a l u a t i o n
The grasping evaluation process (Figure 6.14) aims to determine the hands ability to effectively 
grasp objects using an anthropomorphic grasp posture. This takes into account both the func­
tional properties of the grasp as well as the anthropomorphic appearance, including posture, con­
tact locations, and object pose with respect to the hand. This process takes into account the kine­
matic structure of the hand and its surface geometry.
The process begins by loading the object model associated with each grasp. Then the com­
bined hand-object configuration space is scanned or randomly sampled. At every configuration, 
the process tests for collision and contact between the hand and object. Configurations leading to 
collision are discarded. If configuration leads to contact, the grasp quality and closure conditions 
are evaluated as well as the hand s posture and contact relations with the object. For each grasp, 
the combined hand-object configurations that result in the best score of quality and anthropo­
morphism are stored.
A configuration manager is used to scan hand and object configuration. This manger also al­
lows for random sampling of the configuration space as well as manual selection of a configuration 
through a user interface (Figure 6.15).
To detect collision and contact, a hand model must include two meshes representing the core 
rigid structure and the surface respectively. The first mesh is used to detect collision with an ob­
ject, while the second is used to detect contact. If the structure is the same as the surface, as in 
hands that utilise an exo-skeletal structure, or the surface is rigid, the collision mesh is a slightly 
smaller version of the contact surface mesh.
Five different quality metrics are used to evaluate a grasp: “distance to singular configuration”, 
“grasp isotropy index”, “hand manipulability ellipsoid” “minimum singular value of grasp ma­
trix”, and “uniformity of transform”. These metrics are selected because they are used in several 
other simulation environments, such as Malvezzi et al. (2013) SynGrasp Toolbox, which facili­
tates comparison with those environments. Some quality metrics, such as “grasp isotropy index”, 
take into account the force closure conditions; therefore, no separate test was included to verify 
closure conditions at this time.
A separate process was used to quantify the anthropomorphism of the grasp. The process in­
cluded comparing the “opposition type”, “thumb position”, and “virtual fingers”, described in Sec­
tion 3.1.3, with the values reported in Feix et al. (2009) grasp taxonomy. The process also checks
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Figure 6.14: Flowchart of grasp evaluation 
process
the locations of contact on the hand. One anthropomorphism score is calculated as a weighted 
sum of the comparison score of each factor. The weights were chosen to emphasis contact loca­
tions (50% of the total score). Alternatively, postural anthropomorphism can be evaluated sepa­
rately from contact relations (see Section 6.1).
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Figure 6.15: User interface to change the configuration of a hand model
6 .2 .1  I m p l e m e n t a t i o n  a n d  r e s u l t s
The InMoov hand is a low-cost 3D printed robotic hand originally developed as part of a hobby 
project. The hand is developed to perform very simple grasping operations and used mainly for 
entertainment purposes. However, several individuals have recently used the hand as a low-cost, 
do-it-yourself, prosthetic hand due to its relatively highly anthropomorphic appearance com­
pared to prosthetic devices available at a similar cost. The advances in the field of consumer desk­
top 3D printers, and the increased social efforts to empower people with disabilities, makes such 
projects of low-cost 3D printed hands very useful advances towards making more aesthetically- 
appealing prosthetic hands available to larger number of users and at more affordable cost.
Therefore, the process was implemented in MATLAB and trialed using an InMoov robotic 
hand model. It was able to reproduce fourteen grasps; however, five were with poor anthropo­
morphism. The hand failed to perform the remaining seventeen grasps. Figures 6.16 to 6.43 show 
the successful grasps performed by the InMoov hand. The grasps of the InMoov hand are simu­
lated and accompanied with pictures of a human hand performing the same grasps.
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Figure 6.18: InMoov hand performing Small 
Diameter grasp in simulation
Figure 6.19: Human hand performing 
Diameter grasp
Small
Figure 6.20: InMoov hand performing Figure 6.21: Human hand performing
Medium Wrap grasp in simulation Medium Wrap grasp
Figure 6.16: InMoov hand performing Large
Diameter grasp in simulation
Figure 6.17: Human hand performing Large
Diameter grasp
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Figure 6.22: InMoov hand performing Ad- Figure 6.23: Human hand performing Ad-
ducted Thumb grasp in simulation ducted Thumb grasp
Figure 6.24: InMoov hand performing Pal 
mar Pinch grasp in simulation
Figure 6.25: Human hand performing Pal­
mar Pinch grasp
Figure 6.26: InMoov hand performing
Power Sphere grasp in simulation
Figure 6.27: Human hand performing
Power Sphere grasp
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Figure 6.28: InMoov hand performing Pre- Figure 6.29: Human hand performing Preci-
cision Disk grasp in simulation sion Disk grasp
Figure 6.30: InMoov hand performing Pre- Figure 6.31: Human hand performing Preci- 
cision Sphere grasp in simulation sion Sphere grasp
Figure 6.32: InMoov hand performing Tri- Figure 6.33: Human hand performing Tri­
pod grasp in simulation pod grasp
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Figure 6.34: InMoov hand performing Fixed Figure 6.35: Human hand performing Fixed 
Hook grasp in simulation Hook grasp
Figure 6.36: InMoov hand performing Tip Figure 6.37: Human hand performing Tip 
Pinch grasp in simulation Pinch grasp
6 .2 .2  C r i t i q u e
The hand configuration space is very large, scanning the entire space is time consuming, especially 
when it must be sampled at a fine resolution to allow valid contact on hands with rigid surfaces. 
This is even a bigger problem when the object itself has a large configuration space (range of pos­
sible poses).
Not using a separate step to verify closure conditions leads to situations where the ability of 
the hand to grasp objects cannot be determined. The current routine uses grasp quality metric to 
evaluate a grasp, which only outputs a “quality score”, but not a “yes or no” result. Very low results 
are assumed to be an indication of the inability of the hand to perform the grasp; however, it is 
hard to define a sharp threshold between successful and failed grasps using the quality metrics 
alone. Also, the quality metrics currently used assume that the hand actuators can apply infinite 
forces; therefore, they do not permit the evaluation of the actuation capabilities of the hand.
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Figure 6.38: InMoov hand performing 
Sphere 4 Finger grasp in simulation
Figure 6.39: Human hand performing 
Sphere 4 Finger grasp
Figure 6.40: InMoov hand performing 
Quadpod grasp in simulation
Figure 6.41: Human hand performing 
Quadpod grasp
Figure 6.42: InMoov hand performing
Sphere 3 Finger grasp in simulation
Figure 6.43: Human hand performing
Sphere 3 Finger grasp
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C h a p t e r  c l o s u r e
This chapter discussed two methods of functional evaluation of anthropomorphic artificial hands. 
A method to evaluate anthropomorphic postures and a method to evaluate anthropomorphic 
grasping capabilities are proposed and applied on models of the human hand and the InMoov 
robot hand.
The first m ethod was tested using a model of the human hand and the seventeen BSL basic 
handshapes. The m ethod is shown to be able to detect when a hand configuration leads the hand 
to assume an anthropomorphic posture. The second m ethod was tested using a model of the 
InMoov robot hand. It was able to detect several successful grasps.
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7
Conclusion
T h i s  c h a p t e r  c o n c l u d e s  t h i s  t h e s i s  by discussing the results of the work presented in Chap­
ters 5 and 6 and suggesting future work to be carried out to implement and further improve the 
methods and outlined framework presented in this thesis.
I n t r o d u c t i o n
This thesis studied the literature on human and artificial hands to determine how to evaluate the 
ability of artificial hands to perform the functionalities of the human hand. The thesis presents an 
outline of a framework to perform such evaluation by proposing a new approach to categorising 
tasks of hand functionalities and analysing the tasks to determine the hand capabilities involved 
in each task and how to simulate the tasks. The thesis also presents a syntax to describe hand tasks 
and anthropomorphic postures and two methods for evaluating anthropomorphic postures and 
grasping capabilities.
Section 7.1 discusses the outline of the framework presented in Chapter 5, including task analy­
sis and syntax to describe hand tasks and anthropomorphic postures, and the m ethods to evaluate 
anthropomorphic postures and grasping capabilities presented in Chapter 6. Section 7.2 presents 
the conclusion of this discussion and the thesis. Section 7.3 suggests some future work towards 
improving the framework and implementing methods to evaluated other hand functionalities.
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7 . i  D i s c u s s i o n
This thesis explored anthropomorphic artificial hands and methods to evaluate them. The aims of 
this research was to outline a framework for comprehensive evaluation of the functional perfor­
mance of artificial hands and implement a m ethod to evaluate the anthropomorphic postures and 
grasping capabilities of artificial hands. These aims were approached by studying the human hand 
to determine how to evaluate artificial hands and by implementing part of the outlined framework 
using computer simulation. The sections below summarises the work done towards these aims.
7 .1 .1  O u t l i n e  o f  e v a l u a t i o n  f r a m e w o r k  
E v a l u a t i o n  c o n c e p t s
It was observed that hands can be considered from a physical view, which is concerned with the 
construction and capabilities of the hand, and a functional view that is concerned with what tasks 
the hand can do. It was also noted that existing evaluation methods lack a comprehensive under­
standing of the human hand and its functionalities, which leads to developing methods that only 
consider few aspects of artificial hands and cannot be extended to produce a comprehensive eval­
uation of how an artificial hand approximates the human counterpart.
For this reason, this thesis focused on developing a comprehensive understanding of the hu­
man hand and it uses. It employed an approach that differentiates between the hand s physical 
construction and capabilities on one side and its functionalities on the other. This was followed 
by reviewing artificial solutions to determine how the construction, capabilities, and functional­
ities of the human hand can be replicated artificially.
This approach allowed a definition of what this thesis calls the action manifold of the anthropo­
morphic hand, which is - hypothetically - the set of all the tasks that an ideal anthropomorphic hand 
can do. This manifold defines what a hand is used for and how it is used. It categorised the tasks 
of the human hand into five groups the share similar goals. A further analysis of the tasks in this 
manifold determined what parts of the hand construction and which capabilities are involved in 
each task.
Based on this analysis, a stepwise analysis of each task s performance was defined. This stepwise 
analysis serves as the guide to how to simulate each task, and subsequently, determine if a hand 
is able to perform the task. This approach is thus able to evaluate an artificial hand s ability to 
perform any functionality.
The analysis, and the thesis approach of distinguishing physical and functional views, suggested 
that tasks can be performed in either an anthropomorphic or a non-anthropomorphic manner. 
This is determined by the posture which the hand assumes during task performance and, if inter­
action with objects occur, the relations between the hand and the object.
Additionally, the analysis indicated that, regardless of anthropomorphism, the success or fail­
ure of performing a task depends on a set of functional criteria, for example force conditions for
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grasping tasks. Therefore, a comprehensive functional evaluation must evaluate both the anthro­
pomorphic appearance of the task performance as well as the functional criteria necessary for the 
successful performance of the tasks.
A c t i o n  m a n i f o l d  o f  t h e  a n t h r o p o m o r p h i c  h a n d
Chapter 5 presents an approach to categories and list all the tasks that a hand can do. The approach 
is used to list a set of tasks that a hypothetical ideal anthropomorphic hand can do, which is called 
the action m anifold o f  the an thropom orphic hand. This is done in order to define a reference to 
evaluate how close an artificial hand is to this hypothetical ideal hand.
The literature have indicated that some of the categories presented in Chapter 5, such as active- 
sensing and grasping, have been thoroughly studied and probably all the possible tasks of these 
categories have been identified. On the other hand, the literature indicates that other categories, 
particularly gesturing, contain a large number of tasks that varies between different communities 
and populations. Therefore, Chapter 5 selected a set of example tasks for these categories that 
are deemed sufficient to outline the framework but are not necessarily suitable for all communi­
ties. Therefore, artificial hands’ developers must take into account the communities in which the 
device will be used and modify the action manifold accordingly.
T a s k  a n d  p o s t u r e  d e s c r i p t i o n  s y n t a x
For the above reason, i.e the ability the action manifold, Chapter 5 presents a syntax to describe 
tasks. The syntax is defined by analysing the tasks currently selected for the manifold and deter­
mining the aspects needed to describe them.
Additionally, it was found that existing methods lack any way to explicitly describe hand pos­
tures, which is necessary to evaluate the anthropomorphism of task performance. Therefore, a 
syntax was proposed to describe anthropomorphic postures.
7 .1 .2  Im p l e m e n t a t i o n  o f  p o s t u r e  a n d  g r a s p  e v a l u a t i o n  m e t h o d s
Chapter 6 presented a partial implementation of the outlined framework which focused on eval­
uating the ability of an artificial hand to assume anthropomorphic postures as well as perform 
successful grasping tasks using anthropomorphic postures.
P o s t u r e  e v a l u a t i o n  A method was developed which used Fuzzy logic to compare a ref­
erence posture, described using the posture description syntax developed in Chapter 5, and the 
current posture of a model of an anthropomorphic hand. The method was tested using a human 
hand model and the postures of the seventeen BSL basic handshapes, it was able to successfully 
detect all postures.
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G r a s p i n g  e v a l u a t i o n  A m ethod was developed to test an artificial hand s ability to perform 
grasping tasks. The m ethod tests for both, the functional properties of the grasp as in force con­
ditions as well as the anthropomorphic appearance of the grasp. The method was applied on a 
model of an artificial hand and was able to detect several successful grasps.
7 . 2  C o n c l u s i o n s
In conclusion, the thesis aims have been met as following:
Outlining an evaluation framework which is comprised of the following:
• a new approach to categorising and listing tasks of hand functionalities in a functional ref­
erence called the action manifold of the anthropomorphic hand
• describing the tasks using a syntax that includes the aspects needed to simulate the tasks, 
including anthropomorphic postures
• a stepwise analysis of how to simulate the tasks and thus determine the hands ability to 
perform the task
Two methods have been implemented to evaluate artificial hands ability to assume anthropo­
morphic postures and perform grasping in an anthropomorphic manner. The first m ethod used 
Fuzzy logic to determine if a hand is capable of assuming reference postures described using the 
posture description syntax. The method was verified using a simulation environment and a model 
of the human hand. The second method involved evaluating the force conditions of grasps as well 
as the relations between the hand and the grasped object. The m ethod was applied to a model of 
an artificial hand and was able to detect several successful grasps.
7 . 3  F u t u r e  w o r k
7 .3 .1  O n  e v a l u a t i o n  o f  o t h e r  f u n c t i o n a l i t i e s
It was noted that hand tasks can be categorised according to aim into five categories; grasping, 
manipulation, sensing, non-prehensile manipulation, and visual expression. Chapter 6 proposed 
methods to evaluate gestures and grasping functionalities. This section presents some ideas on 
how the remaining functionalities can be evaluated.
D e x t e r o u s  m a n i p u l a t i o n  e v a l u a t i o n
Dexterous manipulation refers to the ability to move the object with respect the hand’s base frame 
while maintaining a precision grasp. Therefore, this test is only applicable if the hand can perform 
precision grasps in the grasping test. Given the results of the grasping test, this thesis proposes to 
evaluate the manipulability of each successful precision grasp. Existing manipulability tests are
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sufficient for this stage of the test. However, an additional informative measure can be included, 
that is the range of possible motion of the object expressed in terms of relative transitions and 
rotations from the object s pose in the initial grasp.
A c t i v e  s e n s i n g  e v a l u a t i o n
Active sensing is performed by making contact between sensitive area on the hand s surface and 
the object or surface being investigated. To test this functionality, the six EP of Klatzky et al. 
(1985) can be used as reference tasks.
Some tasks require a static contact while others involve performing a motion. The motion is 
global motion performed by the arm. Therefore, it does not need to be included in the test.
To test a hand s ability to perform this functions, first it is important to determine if the hand 
contains the sensory devices required by each task. Then, the test needs to evaluate if the hand can 
position these sensory devices in a position that is suitable to perform the task, i.e make contact 
with an object or surface. To check this, the test would define the task “objects” to either be a 
flat surface or protruding edges, depending on each EP characteristics. The test would define a 
set of clearance criteria that are necessary for the sensing element to reach the surface or edge. 
This clearance criteria checks if other parts of the hand may collide with the surface or edge being 
explored.
Finally, the test would check if the task is performed in an “anthropom orphic” manner using 
two measures: the location of contact/sensing device, and the hand posture during task perfor­
mance.
N o n -p r e h e n s i l e  m a n i p u l a t i o n
This functionality refers to tasks involving exerting forces on an object without grasping it, for 
example pressing keys on a keyboard. Although these tasks involve contact with objects, the does 
not need to take the object in consideration during the evaluation process.
These tasks are commonly performed in prosthetic hands using a “pointing” gesture and a 
global motion. It is possible to just evaluate if the hand can perform this gesture using,the process 
described in Section 6.1. This would indicate if the hand is sufficient for basic pressing tasks. To 
further evaluate that hand s performance, another process is proposed.
Given the lack of prehension in these tasks, it can be concluded that any action by the hand on 
any object can be explained using a single “virtual finger”. However, it is possible that different 
digits may exert forces on different objects simultaneously, such as pressing multiple keys at the 
same time. Furthermore, the force exchanged between the hand and the object depends on the 
contact model used. Finally, some tasks may require time sensitive operation. This means the 
time it takes to apply and remove the force should also be taken in consideration.
For evaluation of this functionality, this thesis proposes to use the task of typing on a computer 
keyboard as a reference task. A “keyboard” is defined as a flat surface with finite dimensions. The
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surface would be divided into a grid resembling the keys of a keyboard, the grid resolution would 
be defined according to the computer keyboard s common standards as 19.05 mm (0.75 inches). 
These standards also define a minimum key travel of 3.81 mm (0.15 inches).
To test the hand, the test would evaluate the hand s ability to “press” various keys. Most im­
portantly, a digit should be able to press a single key without pressing adjacent keys. Secondly, 
individual digits should be able to “penetrate” the virtual keyboard plane by the minimum travel 
and be able to delver an appropriate force. Third, the test would evaluate the hand s ability to press 
multiple keys at the same time, and whether the relation between the key combinations is fixed, 
i.e can only press keys separated by certain distances, or relatively unrestricted. Finally, the test 
would investigate the time it takes the digit to press and release the key.
T a s k -b a s e d  f u n c t i o n a l  e v a l u a t i o n
The general functional approach relies on a set of predefined reference tasks to evaluate a hand’s 
potential functional performance. This allows for a standard evaluation of a hand, but it does not 
allow a user to evaluate the potential performance of a hand to carry out an arbitrary task. To 
address this limitation, this thesis proposes to combine the tests of all functionalities in one pro­
cess that does not contain any predefined reference tasks. This process would take as an input a 
hand model and a task model describing the task and any objects involved. The task modelling 
format must be sufficiently comprehensive to allow for describing tasks from any functionality. 
The task characteristics can be used to determine the task type and the required analysis. From 
there, the task model must contain the information required to perform the analysis. For exam­
ple, a grasping task model must contain a model of the object to be grasped and any associated 
anthropomorphic postures.
7 .3 .2  P o t e n t i a l  f o r  d e s i g n  a n d  o p t i m i s a t i o n
The evaluation processes proposed in this thesis have direct application in comparing perfor­
mance of different iterations during a design or optimisation process. There are also less obvious 
ways the conceptual framework of the thesis can be used for design and optimisation.
A p p l i c a t i o n s  i n  d e s i g n
C o m p o n e n t  d a t a b a s e  By performing the correlation analysis between hand components 
and hand functional performance, it would possible to obtain values associated with the func­
tional contribution of each component. These values can be used as a guide to which components 
should be implemented to achieve a given target function.
Additionally, it would be possible to construct a database containing hardware components, 
each pre-analysed and assigned a “functional performance” value and a ’’compatibilty” value for 
every defined hand function and component respectively. Components would also be assigned 
cost value to favour economically, computationally and power efficient solutions. The database
1 1 1
would be used to design a new hand through a selection process that aims to maximise perfor­
mance and compatibility sum while minimising cost sum.
A p p l i c a t i o n s  i n  o p t i m i s a t i o n
K i n e m a t i c  s t r u c t u r e  a n d  c o u p l i n g  Data from functional evaluation would be processed 
using Principle Component Analysis to determine any potential for coupling joints (or omitting 
links) without loss in performance. Changes can be re-evaluated for verification.
C o n t a c t  s u r f a c e  p r o p e r t i e s  Contact surface friction and compliance affects most func­
tions, especially prehensile functions. During functional analysis, alternative properties would 
be evaluated. A resulting “potential map” shows locations where changing the surface properties 
may improve some functions.
I n t e r a c t i o n  s e n s o r s  l o c a t i o n  A map would be generated during functional analysis that 
shows the number of times each point on the surface came in contact with objects. Another map 
would show clearance for different locations on the surface of the hand. These maps would be 
used as a guide to placing the interaction sensors to maximise performance.
A
Hand Modelling
T his appendix  describes the modelling of human and artificial hands for the simulation and 
evaluation environment developed in this research.
I n t r o d u c t i o n
All the processes proposed in this thesis requires as input a model of the hand to be evaluated. 
Modelling requirements are specified sparsely over several sections in the chapters of this thesis. 
This appendix collects all these requirements and presents them in an organised and stepwise 
format to allow users to model any hand they wish to simulate. A model of the human hand is 
used as an example to describe how to model a hand because human hands are more challenging 
to model than artificial hands due to geometric irregularities and variations in anthropom etric 
data.
A .  1 H u m a n  h a n d  m o d e l
For the purpose of verifying the simulation environment and evaluation processes, a model of the 
human hand is implemented. The kinematics and bones meshes of this model are based on the 
model provided by Stillfried et al. (2013) and its implementation in the OpenSIM  environment. 
A generic skin model from the MakeHuman open source tool (Bastioni et al., 2015) was fitted to 
the hand kinematic model using some measurements from Alexander and Viktor (2010).
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A .  i . i  K i n e m a t i c s
The first step in the modelling process is to model the kinematics of the structure of the hand. 
Kinematics are commonly modelled in robotic using Denavit-Hartenberg (D H ) parameters; 
however, homogeneous transformation matrices are used in this thesis as they allow modelling 
the actual location of the joint, as opposite to the location of the joint axis only in D H  parameters.
Stillfried et al. (2013) kinematic model (Figure A. 1) contains nineteen segments (bones) con­
nected by eighteen joints with 24D0F. This is one of the few models to rely on IM C joints instead 
of CMC joints for the lower fingers. Tables A .i and A.2 show the m odels the motion range and 
segments’ dimensions respectively.
Figure A.I: Plot of human hand (bones) model implemented in MATLAB (with and with­
out kinematic model plot)
The kinematic structure is modelled following a standard tree approach where joints and links, 
and the parent joint of each joint or link, are defined. First, the joints and links of the palm are 
defined. The very first joints (joints with no parent but the wrist) are assigned the parent joint 
value “zero” and defined with respect to the hand s origin frame at the wrist. The following joints 
are defined with respect to their parent joints.
Following that, the digits are modelled, starting with the thumb, then the index, and so on. 
Each digit requires the definition of a “base” and “tip” in addition to the joints and links. The base 
defines the parent joint from the joints of the palm, if the digit is not affected by any palm joints, 
the base is assigned the value “zero” and the first joint is defined with respect to the hand origin 
frame. The digit tip frame is defined with respect to the last joint in the digit.
A link parent always refers to a joint in its local group (palm or digit). Only palm links may 
have hand origin frame as parent.
For purposes of the currently mapping approach (Chapter 6), the kinematic model also in-
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eludes a 3x5 matrix defining the DoF corresponding to each human hand finger joint. The first 
value for each digit is always one, while the second value is either 2 or 3, the third value can be 3 
or 4, or it can be 0 to indicate absence of the DIP joint from this digit.
DoF Range 
Min Max
Home
angle
Range
total
C M C ia -53-2278 15.4699 2.0000 68.6976
CM C lb -38.6747 10.6570 10.6563 49-3317
M C Pia -20.6838 71.8489 37.0000 92.5327
M C Pib -22.4599 45-7793 6.0000 68.2393
IP i -45.2637 57-4677 33.0000 102.7313
M CP2a - 3 1 - 5 1 2 7 78.6671 49.0000 110.1798
MCP2b -18.5065 49.9046 18.0000 68.4112
PIP2 - 9 3 - 8 5 0 5 30.9970 23.0000 124.8475
DIP2 -61.0773 64.6869 18.0000 125.7642
IMC3 -4-3545 15.4699 -4.0000 19.8243
MCP3a -39-5914 78.2087 42.0000 117.8001
MCP3b -20.6838 21.7151 15.0000 42.3989
PIP3 -81.3027 46.0085 33.0000 127.3112
DIP3 -69.0987 39-9925 19.0000 109.0912
IMC4 -4.8701 15.8136 -4.0000 20.6838
M CP4a -60.2752 67.6090 24.0000 127.8842
MCP4b -27.3874 1 7 . 1 3 1 4 6.0000 44.5188
PIP4 -79.0109 51.6808 36.0000 130.6917
DIP4 -55.2904 56.5509 33.0000 111.8414
IMC5 -15-1834 7-7349 -15.0000 22.9183
M CPsa -37.2423 17.4752 6.0000 54-7175
M CPsb -84.3394 69.4998 17.0000 153.8392
PIPS -105.7680 14.4958 0 120.2638
DIP5 -82.4486 21.1421 5.0000 103.5908
Table A.I: Motion range and home position of the human hand model joints in degrees 
(converted from radian values in Stillfried et al. (2013))
A . 1 .2  C o l l i s i o n  m e s h
A collision mesh is used to represent the rigid structure of the hand in order to detect collision 
with external objects during simulation. In case of the human hand, this would be the skeleton. 
Stillfried et al. (2013) implemented their model in the OpenSIM environment and included low- 
polygon 3D mesh models of the bones with the implementation (Figure A .i). The models are 
defined using different frame orientation from the one used in this thesis (Chapter 1). Therefore,
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Digit Bone Length (mm) W idth (mm) Thickness (mm)
Thumb MC
PP
DP
49.4990
34.7730
23.7250
16.1400
14.3940
12.7490
13-9500
11.1790 
8.0260
Index finger MC
PP
MP
DP
72.4490
44.4140
27.3910
17.5810
17.8970
15.6380
11.9740
8.4310
17.0980 
11.8780 
9.7600 
6.3570
Middle finger MC
PP
MP
DP
71.1150
48.3840
31.6670
19.6450
13.7860
14.2940
12.2850
9.6190
14.8710
13.6010
9.1650
6.1070
Ring finger MC
PP
MP
DP
61.3800 
46.1330 
30.6110 
19.3350
11.1380 
13.0270 
11.9670 
9.1980
15.1400 
11.9900 
8.7100 
5.6060
Small finger MC
PP
MP
DP
58.7840
37-4510
23.7400
17-3530
13.0890
12.6730
10.0440
8.1640
13.4660
10.3920
6.9320
4.9600
Table A.2: Stillfried et al. (2013) hand model segments (bone) dimensions
the entire model is reoriented using a transform matrix which was applied to all joints and links 
whose parent is the hand s origin frame.
In case of an artificial hand which has a rigid surface, as in hands employing an exo-skeletal 
structure, a the collision mesh is generated as a slightly smaller version of the mesh representing 
the structure s surface.
A . 1 .3  C o n t a c t  m e s h
A contact mesh is used to represent the outermost surface of a hand in order to detect contact with 
external objects during simulation. For this purpose, a generic skin model from the M akeHuman 
open source tool (Bastioni et al., 2015) is fitted to the hand using measurements from Alexander 
and Viktor (2010) (Table A.3).
The skin model comes as a single mesh which covers all the links of the hand (Figure A.2). This 
is problematic, as usually artificial hands are made of individual links each with its own separate 
surface. However, in the case of the human hand, all links share the same surface which may 
be affected by the motion of any link. Also, the generic model comes with dimensions and in a 
posture that do not fit the bone model of Stillfried et al. (2013). To correct this, van Nierop et al. 
(2007) approach in dividing the single mesh into separate segments is used (see Section 2.2).
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Figure A.2: MakeHuman skin model Figure A.3: Hand model fitted with modi­
fied skin model
Particularly, to model the fingers, the mesh for the middle finger segments are isolated and scaled 
to create other fingers; however, the thumb mesh from the original model is used to create the 
thumb.
Alexander and Viktor (2010) describes the length of the “soft tip”, i.e the distance from the end 
of the distal bone to the end of the externally visible finger. They also describe the “web height”, 
i.e the distance from the M CP joint to the beginning of the externally visible finger. These values 
are reported in the original literature in different metrics, they are converted to percentage of the 
distal and proximal segments for use with the human hand model (Table A.3).
Figure A.3 shows the hand model with the modified skin model.
Digit Tip length (%DP) Web height (%PP)
Thumb 26.17% -
Index finger 24.27% 27.63%
Middle finger 22.70% 27.49%
Ring finger 22.83% 33.29%
Small finger 23.37% 42.70%
Table A.3: Tip length and web height (adapted from Alexander and Viktor (2 0 1 0 ))
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6
Descriptions Of Tasks In The A&ion Manifold
T h i s  a p p e n d i x  describes the tasks in the action m anifold o f  the an thropom orphic hand  using the 
task description syntax proposed in Section 5.2
I n t r o d u c t i o n
In Section 5.1, seventy-eight tasks were selected to comprise the action m anifold o f  the an th ropo­
m orphic hand, which is defined as the set of all hand tasks that a hypothetical ideal an th ropom or­
ph ic  hand can do. The tasks are categorised into five groups, which were analysed to determine 
how to simulate the tasks of each group. Section 5.2 presents a syntax to describe individual tasks, 
which enables describing tasks not included in the action m anifold  and can be used as an input ar­
gument to a single-task simulation and evaluation program. This appendix uses this syntax to 
describe sixty-four tasks comprising three of the five groups of tasks in the action m anifold.
B . 1 A c t i v e  h a p t i c  s e n s i n g  f u n c t i o n a l i t i e s
All Exploratory Procedures (EP) make contact with the surface or edges of an object. Example 
objects for simulation are: a sphere of 80 mm diameter for the Enclosure E P  and the surface o f a 
flat 2mm thick sheet for the remaining four EPs. Each EP is associated with a specific perceived 
object property, thus requires the acquisition of some information ( inform ation exchange) about 
the object. None of the five EPs selected for the action m anifold  involve prehension. Only Pressure
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E P  requires applying forces (force exchange) on the object in contact. All EPs, e x c e p t Enclosure EP, 
have associated postures. All EPs do not have temporal constraints.
Table B.i shows the descriptions of the five EPs in the action m anifold. Note that inform ation  
exchange and force exchange are abbreviated as I.EX and F.Ex respectively.
B . 2  P r e h e n s i l e  f u n c t i o n a l i t i e s
B .2 .1  G r a s p i n g
The grasps in Feix et al. (2009) taxonomy are used for the grasping tasks in the action m anifold. 
The posture for each grasp is determined from the graphical illustrations provided in the literature. 
Feix et al. ( 2013 ) report the objects used during their experiments with different grasps, all objects 
have primitive geometric shapes of box, cylinder, or sphere with different dimensions. Contact 
relations are determined from the graphical illustrations and grasp type, object pose is determined 
based on the contact relations and object dimensions. All grasps have no temporal constraints, 
are single-hand tasks, and do not involve inform ation  or force exchange. Tables B.2 and B.7 show 
the descriptions of the thirty-one grasps in the action m anifold o f  the anthropom orphic hand.
B . 3  N o n - p r e h e n s i l e  f u n c t i o n a l i t i e s
B .3 .1  G e s t u r i n g  a n d  p o i n t i n g
Gestures and “po in tin g  and  a im in g” functionalities are mainly single handed tasks that do not in­
volve any contact with objects, and subsequently no prehension, information, or force exchange. 
These tasks can usually be performed in any speed, therefore there are no timing constraints. 
Therefore,only postures descriptions are required for these tasks.
For these tasks, the ten counting signs and the seventeen “basic handshapes” signs of BSL are 
used for the guesturing functionality, and a pointing gesture for “po in tin g  and  a im in g” fu n ction ­
ality. The descriptions of the counting signs of BSL are provided in Table B.8. The description 
of the pointing gesture is provided in Table B.9. The descriptions of the postures of BSL “basic 
handshapes” are provided in Table B.10.
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Task Name Lateral Motion EP Characteristics C-NP-M-NW-A-R-D-NF
Hand ID 0 Digits 0 0 1 1 0 0
Posture The hand is closed. The upper fingers are extended and straight. The thumb 
is in retroposition, adducted, far from the palm, extended, and straight.
Object
Pose
Flat sheet (2mm thickness) 
\ fD2tj ] [ o o  1 045 0]
Contacts | 0 - 0 0 - 0 3 - 0 3 - 0 0 - 0 0
LEx Force
Task Name Pressure EP Characteristics C-NP-M-NW-NA-R-D-F
Hand ID 0 Digits 0 0 1 0 0 0
Posture The hand is closed. The index finger is extended and straight. The thumb is in 
retroposition, adducted, far from the palm, extended, and straight.
Object
Pose
Flat sheet (2mm thickness) 
l fD2t j ] [ o o  1 045 0]
Contacts | 0 - 0 0 - 0 3 - 0 0 - 0 0 - 0 0
LEx Force F.Ex l fD2tj ]  [0 0 1 0 45 0] [0 0 1 0 0 0]
Task Name Static Contact EP Characteristics C-NP-NM-NW-NA-R-D-NF
Hand ID 0 Digits 1 1 1 1 1 1
Posture The hand is open. The thumb is in retroposition, adducted, far from the palm, 
extended, and straight.
Object
Pose
Flat sheet (2mm thickness) 
\ftX>Pj ] [ o o  1 0 0 0 ]
Contacts | 3 - 1 1 - 2 2 - 2 2 - 2 2 - 2 2
LEx Temperature
Task Name Enclosure EP Characteristics C-P-NM-NW-NA-NR-D-NF
Hand ID 0 Digits 1 1 1 1 1 1
Object
Pose
Sphere (80 mmdiameter) 
ws[P]
Contacts | 3 - 2 2 - 2 2 - 2 2 - 2 2 - 2 2
LEx Force array
Task Name Contour Following Characteristics C-NP-M-NW-A-R-D-NF
Hand ID 0 Digits 0 0 1 0 0 0
Posture The hand is closed. The index finger is extended and straight. The thumb is in 
retroposition, adducted, far from the palm, extended, and straight.
Object
Pose
Flat sheet (2mm thickness) 
\JD2tj ] [ o o  1 045 0]
Contacts | 0 - 0 0 - 0 3 - 0 0 - 0 0 - 0 0
LEx Force array
Table B.l: Description of the EPs in the action manifold
Task Name Large Diameter Characteristics C-P-NM-NW-NA-R-ND-NF
Hand ID o Digits 1 1 1 1 1 1
Posture The fingers are together, extended, and curved. The thumb is in opposition, 
abducted, extended, and slightly bent at second knuckle.
Object
Pose
Cylinder 11 cm diameter | Contacts | 3 - 3 3 - 3 3 - 3 3 - 3 3 - 3 3  
r [P_d-6°—50] [0 ]  [Pj+54-56] [0+ 88-92] [0 + 0 -3 0 ] [0 ]
Task Name Small Diameter Characteristics C-P-NM-NW-NA-R-ND-NF
Hand ID o Digits 1 1 1 1 1 1
Posture The fingers are together, slightly bent at first knuckle, and curved. The thumb 
is in opposition, abducted, and curved.
Object
Pose
Cylinder3cmdiameter | Contacts | 3 - 0 0 - 3 3 - 3 3 - 3 3 - 3 3  
r[P ^-20—10] [0] [P j+ i4 ~ i6 ]  [0+ 88-92] [0 + 0 -3 0 ] [0]
Task Name Medium Wrap Characteristics C-P-NM-NW-NA-R-ND-NF
Hand ID o Digits 1 1 1 1 1 1
Posture The fingers are together, slightly bent at first knuckle, and curved. The thumb 
is in retroposition, abducted, adjacent to the palm, and curved.
Object
Pose
Cylinder3cmdiameter | Contacts | 3 - 3 3 - 3 3 - 3 3 - 3 3 - 3 3  
r[P ^-20—10] [0] [P j+ i4 ~ i6 ]  [0+ 88-92] [O +0-30] [0]
Task Name Adducted Thumb Characteristics C-P-NM-NW-NA-R-ND-NF
Hand ID 0 Digits 1 1 1 1 1 1
Posture The fingers are together, slightly bent at first knuckle, and curved. The index 
finger is extended and curved. The thumb is in retroposition, adducted, far 
from the palm, extended, and straight.
Object
Pose
Cylinder3cmdiameter | Contacts | 3 - 3 3 - 3 3 - 3 3 - 0 3 - 0 3  
r [ D l p~P_d- i o ]  [0] [Pj+ 14~ i6] [0+ 88-92] [0+ 40 -50 ] [0]
Task Name Light Tool Characteristics C-P-NM-NW-NA-R-ND-NF
Hand ID o Digits 1 1 1 1 1 1
Posture The fingers are together, extended, and curled. The thumb is in retroposition, 
adducted, far from the palm, extended, and straight.
Object
Pose
Cylinder 1cmdiameter | Contacts | 3 - 0 3 - 3 3 - 3 3 - 3 3 - 3 3  
r[P d-io~o] [0] [Pj+4~6] [O+88-92] [0 -2 -+ 2 ] [0]
Table B.2: Descriptions of the grasps in the action manifold
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Task Name Prismatic 4 Finger Characteristics C-P-NM-NW-NA-R-ND-NF
Hand ID 0 Digits 0 1 1 1 1 1
Posture . The fingers are together, slightly bent at first knuckle, and curved. The thumb 
is in opposition, abducted, and curved.
Object
Pose
Cylinder 1 cm diameter
w s [ D l d fl D 2d] r[0+ 45~+ i35] [O-4
Contacts 0 - 0 3 - 0 3 - 0 3 - 0 3 - 0 3  
5—1-45] [0]
Task Name Prismatic 3 Finger Characteristics C-P-NM-NW-NA-R-ND-NF
Hand ID 0 Digits 0 1 1 1 1 0
Posture The fingers are together, slightly bent at first knuckle, and curved. The thumb 
is in opposition, abducted, and curved.
Object
Pose
Cylinder 1 cm diameter
w s [ D l d fl  D 2d] r[0+ 45~+ i35] [O-4
Contacts | 0 - 0 3 - 0 3 - 0 3 - 0 3 - 0 0
5 *-45] [0 ]
Task Name Prismatic 2 Finger Characteristics C-P-NM-NW-NA-R-ND-NF
Hand ID 0 Digits 0 1 1 1 0 0
Posture The fingers are together, slightly bent at first knuckle, and curved. The thumb 
is in opposition, abducted, and curved.
Object
Pose
Cylinder 1cm diameter
w s [ D l d fl D 2d] r[0+ 45~+ i35] [O-4
Contacts | 0 - 0 3 - 0 3 - 0 3 - 0 0 - 0 0  
5~+45] [0 ]
Task Name Palmar Pinch Characteristics C-P-NM-NW-NA-R-ND-NF
Hand ID 0 Digits 01 1 0 0 0
Posture The fingers are slightly bent at first knuckle and curved. The index finger is 
bent at first knuckle and curved. The thumb is in opposition, abducted, bent 
at first knuckle, and straight.
Object
Pose
Coin
w s [ D l d fl  D 2d] r[0+ 45~+ i35] [O-4
Contacts | 0 - 0 3 - 0 3 - 0 0 - 0 0 - 0 0  
S~+45] [0 ]
Task Name Power Disk Characteristics C-P-NM-NW-NA-R-ND-NF
Hand ID 0 Digits 1 1 1 1 1 1
Posture The fingers are separated, extended, and curled. The thumb is in retroposition, 
abducted, far from the palm, bent at first knuckle and bent at second knuckle.
Object
Pose
Mini CD
r[P_^-6o—20] [P_r~
Contacts 3 - 3 3 - 3 3 - 3 3 - 3 3 - 3 3
P u] [P f + 0 ~ l ]  [ 0 - 2 ~  + 2] [0- 2—h2] [ 0 ]
Table B.3: Descriptions o f  the  grasps in the action manifold (continued)
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Task Name Power Sphere Characteristics C-P-NM-NW-NA-R-ND-NF
Hand ID 0 Digits 1 1 1 1 1 1
Posture The fingers are separated, slightly bent at first knuckle, and curved. The thumb 
is in opposition, abducted, and curved.
Object
Pose
Tennis Ball (67mm diameter) | Contacts 
t[P _ d-39- i 9][P_r-P _ J  [p ] [ 0 ]  [0 ]  [(
3 - 3 3 - 3 3 - 3 3 - 3 3 - 3 3
3]
Task Name Precision Disk Characteristics C-P-NM-NW-NA-R-ND-NF
Hand ID 0 Digits 0 1 1 1 1 1
Posture The fingers are separated, slightly bent at first knuckle, and curved. The thumb 
is in retroposition, abducted, far from the palm, and curved.
Object
Pose
CD (Compact Disc)
ws[p^] r[0-2~+2] [0 -2 -+ 2 ] [0 ]
Contacts 0 - 0 3 - 0 3 - 0 3 - 0 3 - 0 3
Task Name Precision Sphere Characteristics C-P-NM-NW-NA-R-ND-NF
Hand ID 0 Digits 0 1 1 1 1 1
Posture The fingers are separated, slightly bent at first knuckle, and curved. The thumb 
is in opposition, abducted, and curved.
Object
Pose
Tennis Ball (67mm diameter) 
w stPj] r [0 ]  [0 ]  [0 ]
Contacts 0 - 0 3 - 0 3 - 0 3 - 0 3 - 0 3
Task Name Tripod Characteristics C-P-NM-NW-NA-R-ND-NF
Hand ID 0 Digits 0 1 1 1 0 0
Posture The hand is closed. The upper fingers are separated, extended, and curved. 
The thumb is in opposition, abducted, and curved.
Object
Pose
Golf Ball (43mm diameter) 
ws[Dl,j f l  Did]r[0 ] [0 ] [0 ]
Contacts O - O 3 - O 3 - O 3 - O O - O O
Task Name Fixed Hook Characteristics C-P-NM-NW-NA-R-ND-NF
Hand ID 0 Digits 1 0 1 1 1 1
Posture The fingers are together, slightly bent at first knuckle, and curved. The thumb 
is in retroposition, adducted, far from the palm, extended, and straight.
Object
Pose
Cylinder 3 cm diameter Contacts 
r[P ^-20—10] [0 ] [P  pi-i4~i6] [0+ 88-92] [0 +
3 - 0 0 - 3 3 - 3 3 - 3 3 - 3 3
0 - 3 0 ]  [ 0 ]
Table B.4: Descriptions o f  the  grasps in the action manifold (continued)
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Task Name Lateral Characteristics C-P-NM-NW-NA-R-ND-NF
Hand ID 0 Digits 01 1 0 0 0
Posture The hand is closed. The thumb is in retroposition, adducted, adjacent to the 
palm, slightly bent at first knuckle, and straight.
Object
Pose
Credit Card 
r[D 2,„_r] [D2mr - i ~
Contacts 0 - 0 3 - 3 3 - 0 0 - 0 0 - 0 0  
+ 1] [D2m r] [O +88-92] [0 ] [0 ] [0 ]
Task Name Index Finger 
Extension
Characteristics C-P-NM-NW-NA-R-ND-NF
Hand ID 0 Digits 1 1 1 1 1 1
Posture The fingers are together, bent at first knuckle, and curved. The index finger is 
extended and straight. The thumb is in opposition, adducted, extended, and 
straight.
Object
Pose
Cylinder 3 cm diameter | Contacts | 3 - 3 3 - 3 3 - 3 3 - 3 3 - 3 3  
r[D2p] [D2p] [P j+ i4 ~ i6 ]  [0+ 88-92] [0 ] [0+ 60-90] [0 ]
Task Name Extension Type Characteristics C-P-NM-NW-NA-R-ND-NF
Hand ID 0 Digits 1 1 1 1 1 1
Posture The fingers are together, slightly bent at the first knuckle, and curved. The 
thumb is in opposition, abducted, and curved.
Object
Pose
Plate
r[P ^+0-85] [0 ] [Pj+ 1 2 -6 2 ]  [0 -20
Contacts 0 - 0 3 - 3 3 - 3  3 . - 3 3 - 0 0  
~+20] [0-20~ + 20] [0 ]
Task Name Writing Tripod Characteristics C-P-NM-NW-NA-R-ND-NF
Hand ID 0 Digits 0 1 1 1 0 0
Posture The hand is closed. The upper fingers are slightly bent at first knuckle and 
curved. The thumb is in opposition, abducted, and curved.
Object
Pose
Cylinder 1 cm diameter
w s[D ld 0 D2d] r[0+45~+i35] [0 - 4
Contacts | 0 - 0 3 - 0 3 - 0 3 - 0 0 - 0 0  
S~+45] [0 ]
Task Name Parallel Extension Characteristics C-P-NM-NW-NA-R-ND-NF
Hand ID 0 Digits 0 1 1 1 1 1
Posture The fingers are together, slightly bent at first knuckle, and straight. The thumb 
is in opposition, adducted, slightly bent at first knuckle, and straight.
Object
Pose
4cm Cube
ws[Pd] r[0-2~+2] [0 -45~ + i35] [0 ]
Contacts | 0 - 0 3 - 0 3 - 0 3 - 0 3 - 0 3
Table B.5: Descriptions o f  th e  grasps in the action manifold (continued)
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Task Name Abduction Grip Characteristics C-P-NM-NW-NA-R-ND-NF
Hand ID 0 Digits 0 0 1 1 0 0
Posture The fingers are together. The lower fingers are slightly bent at first knuckle and 
curved. The upper fingers are extended and curved. The thumb is in opposi­
tion, abducted, and curved.
Object
Pose
Cylinder 1cm diameter
r[D2wJ  [D2Wu-5~+5] [D2wJ  [O-45-
Contacts | 0 - 0 0 - 2 2 - 2 2 - 0 0 - 0 0  
'+45] [0 + o ~ i8o] [0 ]
Task Name Tip Pinch Characteristics C-P-NM-NW-NA-R-ND-NF
Hand ID 0 Digits 01 1 0 0 0
Posture The fingers are slightly bent at first knuckle and curved. The index finger is 
bent at first knuckle and curved. The thumb is in opposition, abducted, and 
curved.
Object
Pose
5 mm Cube
wsfDlrf fl D i d ]  r[0 ]  [0 ]  [0 ]
Contacts | 0 - 0 3 - 0 3 - 0 0 - 0 0 - 0 0
Task Name Lateral Tripod Characteristics C-P-NM-NW-NA-R-ND-NF
Hand ID 0 Digits 0 1 1 1 0 0
Posture The hand is closed. The index is bent at first knuckle and curved. The thumb 
is in retroposition, adducted, adjacent to palm, and curved.
Object
Pose
Bottle Cap | Contacts | 0 - 0 3 - 0 3 - 0 3 - 0 0 - 0 0  
w s [ D l d fl D 2d] r [0 + 4 5 ~ + i3 5 ]  [0-45~+45] [0 ]
Task Name Sphere 4 Finger Characteristics C-P-NM-NW-NA-R-ND-NF
Hand ID 0 Digits 1 1 1 1 1 0
Posture The fingers are separated, slightly bent at first knuckle, and curved. The small 
finger is bent at first knuckle and curled. The thumb is in opposition, ab­
ducted, and curved.
Object
Pose
Tennis Ball (67mm diameter) 1 Contacts 1 0 - 3 3 - 3 3 - 3 3 - 3 3 - 0 0  
r [J V 39~ 29] M . J  J + 34- 54] [0 ] [0 ] [0 ]
Task Name Quadpod Characteristics C-P-NM-NW-NA-R-ND-NF
Hand ID 0 Digits 0 1 1 1 1 0
Posture The fingers are separated, slightly bent at first knuckle, and curved. The small 
finger is bent at first knuckle and curled. The thumb is in opposition, ab­
ducted, and curved.
Object
Pose
Golf Ball (43 mm diameter) 
ws[P] r[0 ] [0 ] [0 ]
Contacts | 0 - 0 3 - 0 3 - 0 3 - 0 3 - 0 0
Table B.6: Descriptions of the grasps in the action manifold (continued)
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Task Name Sphere 3 Finger Characteristics C-P-NM-NW-NA-R-ND-NF
Hand ID 0 Digits 1 1 1 1 0 0
Posture The lower fingers are together, bent at first knuckle, and curled. The upper 
fingers are separated, slightly bent at first knuckle, and curved. The thumb is 
in opposition, abducted, and curved.
Object
Pose
Tennis Ball (67mm diameter) Contacts 0 - 3 3 - 3 3 - 3 3 - 0 0 - 0 0
r[P_j-39-29] [P_~P_J  [PJ+34-54] [0 ] [0 ] [0 ]
Task Name Stick Characteristics C-P-NM-NW-NA-R-ND-NF
Hand ID 0 Digits 1 1 1 1 1 1
Posture The hand is closed. The index finger is extended and curved. The thumb is in 
opposition, abducted, slightly bent at first knuckle, and straight.
Object
Pose
Cylinder 1 cm diameter | Contacts | 0 - 0 3 - 3 0 - 0 3 - 0 3 - 0 3  
r[P d] [0 ] [Pj+ io ~ 2 o ]  [O+88-92] [0+40-50] [0 ]
Task Name Palmar Characteristics C-P-NM-NW-NA-R-ND-NF
Hand ID 0 Digits 1 1 1 1 1 1
Posture The hand is closed. The thumb is in retroposition, adducted, far from the palm, 
extended, and straight.
Object
Pose
Plate
r [ P j - 90—80] [0 ] [Pj+ 2 -3 ] [0 -2 —
Contacts 3 - 0 0 - 1 3 - 1 3 - 1 3 - 1 3  
-2] [0 -2 -  + 2] [0 ]
Task Name Ring Characteristics C-P-NM-NW-NA-R-ND-NF
Hand ID 0 Digits 1 1 1 0 0 0
Posture The hand is open. The index finger is 
opposition, abducted, and curved.
extended and curved. The thumb is in
Object
Pose
Cylinder 64mm diameter | Contacts | 1 - 3 3 - 3 3 - 0 0 - 0 0 - 0 0  
r[P_d-37—27] [0 ] [P j+ 3 i~ 3 3 ] [O +88-92] [O+0-30] [0 ]
Task Name Ventral Characteristics C-P-NM-NW-NA-R-ND-NF
Hand ID 0 Digits 1 1 1 1 1 1
Posture The hand is closed. The index finger is extended and straight. The thum b is in 
opposition, adducted, slightly bent at first knuckle, and straight.
Object
Pose
Cylinder 1 cm diameter Contacts 0 - 0 3 - 0 3 - 0 3 - 0 3 - 0 3  
r[P j] [0 ] [Pj + 10-20] [O+88-92] [O+40-50] [0 ]
Task Name Inferior Pincer Characteristics C-P-NM-NW-NA-R-ND-NF
Hand ID 0 Digits 01 1 0 0 0
Posture The hand is open. The index finger is bent at first knuckle and straight. The 
thumb is in opposition, abducted, extended, and straight.
Object
Pose
Golf Ball (43mm diameter) 
Ws[D l, n  D 2d] r [0 ] [0 ] [0 ]
Contacts | 0 - 0 3 - 0 3 - 0 0 - 0 0 - 0 0
Table B.7: Descriptions o f  the  grasps in th e  action manifold (continued)
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Sign Description
One The hand is tightly closed. The index finger is extended and straight. The 
thumb is in opposition, abducted, curved, and touches the back of the 
lower fingers.
Two The hand is tightly closed. The upper fingers are separated, extended, and
straight. The thumb is in opposition, abducted, curved, and touches the 
back of the lower fingers.
Three The hand is open. The small finger is bent at first knuckle and bent at sec­
ond knuckle. The thumb is in opposition, abducted, curved, and touches 
the back of the small finger.
Four The hand is open. The thumb is in opposition, abducted, and curved.
Five The hand is open. The thumb is in retroposition, adducted, far from the
palm, and straight.
Six The hand is tightly closed. The thumb is in retroposition, adducted, far
from the palm, extended and bent at second knuckle.
Seven The hand is tightly closed. The index finger is extended and straight. The
thumb is in retroposition, adducted, far from the palm, and straight. 
Eight The hand is tightly closed. The upper fingers are separated, extended, and
straight. The thumb is in retroposition, adducted, far from the palm, and 
straight.
Nine The hand is flat. The small finger is bent at first knuckle and bent at second
knuckle. The thumb is in retroposition, adducted, far from the palm, and 
straight.
Ten The hand is open. The thumb is in retroposition, adducted, far from the
palm, and straight.
Table B.8 : Posture description of BSL counting signs
Gesture Description
Pointing The hand is tightly closed. The index finger is extended and straight. The 
thumb is in opposition, abducted, curved, and touches the back of the 
lower fingers.
Table B.9: Posture description of pointing gesture
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Sign__________
Fist
Bunched Hand 
Closed Hand 
Flat Hand 
Open Hand 
Clawed Hand
Bent Hand 
‘C’ Hand 
‘O ’ Hand
‘L’ Hand 
‘M ’ Hand
‘N ’ Hand
Irish ‘T  Hand
‘V ’ Hand
‘Y’ Hand 
Full ‘C ’ Hand 
Full ‘O ’ Hand
Description
The hand is tightly closed. The thumb is in opposition; abducted; curved, 
and touches the back of the fingers.
The fingers are together, bent at first knuckle, and straight. The thumb is 
in opposition, abducted, straight, and touches the fingertips.
The hand is closed. The thumb is in retroposition, adducted, adjacent to 
the palm, and straight.
The fingers are together, extended, and straight. The thumb is in retropo­
sition, adducted, far from the palm, and straight.
The fingers are separated, extended, and straight. The thumb is in 
retroposition, adducted, far from the palm, and straight.
The fingers are separated, extended, and bent at second knuckle. The 
thumb is in retroposition, adducted, far from the palm , and bent at 
second-knuckle.
The fingers are together, bent at first knuckle, and straight. The thumb is 
in retroposition, adducted, adjacent to the palm, and straight.
The hand is closed. The index finger is extended and slightly curved. The 
thumb is in opposition, abducted, and slightly curved.
The fingers are together, extended and slightly curved. The index finger 
is slightly bent at first knuckle and curved. The thumb is in opposition, 
abducted, slightly curved, and touches the index fingertip 
The hand is closed. The index finger is extended and straight. The thumb 
is in retroposition, adducted, far from the palm, and straight.
The hand is flat. The small finger is bent at first knuckle and bent at second 
knuckle. The thumb is in opposition, abducted, curved, and touches the 
back of the small finger.
The hand is flat. The lower fingers are bent at first knuckle and bent at sec­
ond knuckle. The thumb is in opposition, abducted, curved, and touches 
the back of the lower fingers.
The hand is closed. The index finger is extended and curved. The thumb 
is in opposition, adducted, straight, and touches the pad of the index fin­
ger middle phalanx.
The lower fingers are bent at first knuckle and bent at second knuckle. 
The thumb is in opposition, abducted, curved, and touches the back of 
the lower fingers.
The hand is closed. The small finger is extended and straight. The thumb 
is in retroposition, adducted, far from the palm, and straight.
The fingers are together, extended, and slightly curved. The thum b is in 
opposition, abducted, and slightly curved.
The fingers are together, slightly bent at first knuckle, and curved. The 
thumb is in opposition, abducted, slightly curved, and touching the index 
distal phalanx.
Table B.10: Posture description o f  basic BSL handshapes
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c
Texture Recognition Using Force Sensitive 
Resistor
T his appendix  presents a proof that a single point force sensor provides enough information to 
detect surface texture roughness when the sensor is moved across the surface.
I n t r o d u c t i o n
Humans perform a repetitive lateral rubbing motion across a surface to feel its texture, an action 
known as Lateral Motion Exploratory Procedure. The physiology of the human sense of touch sug­
gests that the information the human Central Nervous System (CNS) receives during this motion 
is coming from force sensory elements embedded in the skin.
Tan et al. (2014) were able to interface a Force Sensing Resistor (FSR) sensor, installed on a 
fingertip of a prosthetic hand, with the user s nerves. The user reported the ability to perceive “tex­
ture” of surfaces. This suggests that the single point force data acquired by the FSR hold enough 
information to perceive surface texture.
The work presented in this appendix proposes that the same ability can be replicated in an 
artificial system using the same sensor. It would be particularly useful to achieve this ability using 
FSRs due to their low cost and low thickness that enables superficial installation on robotic hands.
This appendix presents the results of an experiment conducted on four surface samples that 
shows that the signal from the FSR does contain enough information to recognise at least one 
surface with above chance accuracy.
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C. i  E x p e r i m e n t a l  s e t u p
C . 1 .1  F S R  W O R K IN G  P R IN C IP L E
An FSR acts as a resistor whose resistance changes when pressure is applied on the sensor s ac­
tive area. It is made of two flexible layers joined by an adhesive spacer (Figure C .i) . One layer 
contains a printed open circuit, while the other contains a printed semi-conductor layer whose 
conductivity increases with pressure. W hen pressure is applied, the two layers come in contact 
thus closing the circuit. The circuit s resistance is inversely proportional to the applied pressure 
with a non linear relation (Figure C.2).
F lexib le su b s tr a te  w ith  
p rin ted  se m i-c o n d u c to r
S p acer  a d h e s iv e  ►
F lexib le su b stra te  w ith  printed^  
in terd ig ita tin g  e le c tr o d e s
Spacer
open ng
Active Element
Figure C.I: Exploded view of FSR (Limor 
Fried, 2012)
Figure C.2: FSR resistance-force relation 
(Limor Fried, 2012)
C . 1 .2  D a t a  a c q u i s i t i o n
During the experiment, the sensor readings were recorded using an oscilloscope and an opera­
tional amplifier circuit (Figure C.3). The signals were sampled at 10kHz.
LM524
Figure C.3: FSR data acquisition circuit Figure C.4: Surface samples
FORCE (g)
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C . i . 3 S u r f a c e  s a m p l e s
Four sample surfaces were selected for the experiment. The surfaces were selected to have textures 
that vary from smooth to rough. The selected surfaces are shown in Figure C.4: a) Velcro loops, 
b) Velcro hooks, c) rough sandpaper, and d) smooth plastic-coated cork.
C .1 .4  M o t i o n
The Lateral Motion Exploratory Procedure is performed by bringing the sensitive part of the hand in 
contact with the surface then moving it across the surface. In the human case, it is possible that this 
motion is conducted with variable speed and contact pressure. Therefore, our experiment aims 
to investigate the presence of patterns in the signal acquired during motion with non-constant 
speed and contact pressure. For this reason, one set of signals was recorded while performing the 
motion by holding the sensor and manually moving it across the surfaces. However, for verifica­
tion purposes, a pressure set was recorded while the motion is performed using a robotic arm to 
minimise variation in speed and contact force.
Figure C .5 : FSR attached to a robot arm
C . 2  R e s u l t s
The recorded samples were initially processed using fast Fourier transform (FFT ) to look for pat- 
terns in the signal frequency response. The data varied between samples of the same surfaces; 
however, most samples showed a relatively consistent pattern of very high magnitude at low fre­
quencies followed by low magnitude at higher frequency with a region of relatively high magni­
tude at frequencies between 2250 Hz and 3250 Hz (Figures C.6-C.9). Surprisingly, this pattern 
only appeared in samples recorded with non constant motion speed and contact pressure but not 
in samples recorded with constant motion speed and contact pressure.
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Figure C.6: Velcro Loops FFT analysis Figure C.7: Velcro Hooks FFT analysis
50 -------- 1--------- 1--------- 1--------- 1--------- 1--------- r
45
40
35
30
25
20
0 500 1000 1500 2000 2500 3000 350C
frequency [Hz]
liiiliLiiiiiji Ikii lij jdllllu
0 500 1000 1500 2000 2500 3000 350C
frequency [Hz]
Figure C.8: Sandpaper FFT analysis Figure C.9: Cork FFT analysis
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Figure C.10: Velcro loops Covariance Spectrum Filter analysis
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Figure C .ll:  Velcro hooks Covariance Spectrum Filter analysis
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Figure C.12: Sandpaper Covariance Spectrum Filter analysis
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Figure C.13: Cork Covariance Spectrum  Filter analysis
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The very high magnitude at low frequencies is probably due to variation in contact pressure. 
The regions of high magnitude at high frequencies appears to be related to surface texture. The 
regions are centred around 2500 Hz for smoother surfaces (Velcro loops and cork) and 3000 Hz 
for rougher surfaces (Velcro hooks and sandpaper).
The results of the FFT analysis prompted a second analysis; therefore, the data was processed 
using the Covariance Spectrum Filter (Figures C. 10-C. 13). The Covariance Spectrum Filter anal­
ysis results show the same peaks of activity close to 2500 Hz for smooth surfaces and the peaks 
close to 2800-3000 Hz for rough surfaces.
The results also suggest another region with potential identifying features within the range of 
900 Hz to 1600 Hz (Figure C.14). The peaks and valley points between the two frequencies for 
120 samples (30 samples for each surface) were identified and plotted (Figures C .i5-C .i6). The 
plots show that the points are apparently randomly distributed; however, there is a large area 
(about 50% in either plots) that is exclusively occupied by sandpaper data points. In case of peaks 
points, this area contains 18 of the 30 data points from sandpaper samples. Also more than 60 
points of the other surfaces’ samples lie outside the sandpaper area. In case of valley points, the 
exclusive sandpaper area contains only 11 of the 30 sandpaper data points, and only 40 of the 
other surfaces data points lie outside the sandpaper area.
C . 3  D i s c u s s i o n  a n d  c o n c l u s i o n s
The results show that some information do exist in the signal from a single point FSR to differ­
entiate between surfaces of different textures. One particularly interesting observation is that the 
observed patterns mainly exist in samples recorded with non-constant motion speed and contact 
pressure.
W hile the experiment would not completely isolate these features, the obtained results clearly 
show a potential to differentiate between textures, particularly between rough and sm ooth tex-
-65
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Figure C.14: Potential features in the results of Covariance Spectrum Filter analysis
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Figure C.16: Distribution map of valley points
tures. Note that the aim of the experiment involves the ability to differentiate between textures 
in a similar manner to humans, and not to precisely quantify the texture using standard metrics.
Sandpaper in particular showed promising results. The distribution of the peaks points in Fig­
ure C.15 suggest that sandpaper can be positively detected 60% of the time, while it can be cor­
rectly ruled out 67% of the time.
In conclusion, a single point FSR sensor provides enough information to detect difference in 
roughness of surface texture when the sensor is moved in a lateral motion across the surface with 
non-constant speed and contact pressure. This information is not sufficient to precisely quantify 
the roughness of the surface texture.
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D
Codes For System Implementation
T his a p p e n d i x  presents the link to the online repository containing the MATLAB implementa­
tion codes for the proposed processes
I n t r o d u c t i o n
All the codes used in this thesis (including external dependencies) can be downloaded from the 
online repository which can be found at:
h t t p s : / / g i t h u b . c o m /M u h a m m a d -S a y e d /h a n d -e v a lu a tio n . g i t
Figure D .l: Barcode containing the link to the online repository
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https://github.com/Muhammad-Sayed/hand-evaluation.git
E
Comparison between existing artificial hands
T his appendix  presents comparison tables for different existing artificial hands
I n t r o d u c t i o n
This appendix presents comparison tables for examples of existing artificial hands. The tables 
present a review of the specifications, mechanical properties, and intended functionalities the 
hands. Selected examples include anthropomorphic and non-anthropomorphic hands.
The comparison parameters include hand components, such as structure, surface, sensors, and 
actuators (Chapter 3), and key mechanical properties and functionalities. The size parameters 
compare the overall size to that of the human hand and indicates whether the developers main­
tained or ignored the differences between the sizes of fingers and phalanges. The “surface” pa­
rameters indicate the locations available for contact, which can be fingertips, phalanges, or palm, 
and an indication of the extension or continuity of the contact surfaces at these locations. For the 
mechanical properties, the tables indicate if the mechanism contains compliant or back-drivable 
components and if it is underactuated. For underactuation, the tables indicate if the system uses 
rigid coupling, adaptive mechanisms, or loosely coupled (for example several joints actuated by 
one tendon). Functionalities can be grasping, [within-hand] manipulation, and gesturing.
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Hand Name
Organisation 
Type of project 
Resources
Robonaut Hand 
NASAJSC and others 
Research
Lovchik et al. (1999),Ambrose et al. 
(2000)
Robonaut Hand 2
NASA and General Motors
Research
Bridgwater et al. (2012), Diftler et al. 
(2.012)
Structure Endoskeletal Exoskeletal
Integration Integrated Integrated
Main upper fingers / /
Opposable thumb / /
Forth finger / /
Fifth finger / /
Overall size bigger equal
Size ratios - -
Contact Surfaces Fingertips, Phalanges, Palm Fingertips, Phalanges, Palm
C. S. extension Good Good
Actuator location Remote Remote
No. Actuators 14 18
No. Joints 22 20
Type of actuators Brushless DC motors DC motor with leadscrew assembly
Transmission type - Tendons
State sensors
Motor position /  ( incremental) /  ( incremental hall effect)
Joint position /(a b s o lu te ) /  ( absolute hall effect)
Tendon tension X /
Joint torque X X
Motor effort X Current and temperature
Other
Interaction sensors
Transmission instrumented as load 
cells
Tactile array X X
Other - Tactile load sensor
Stiffness Compliant joints Stiff mechanism
Underactuation Coupled lower fingers Coupled
Adaptive mechanism - -
Grasping / /
Manipulation / /
Gesturing - -
Notes Fingers arranged into grasping set and 
dexterous manipulation set. Palm has 
an active DoF
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Hand Name
Organisation 
Type of project 
Resources
DLRHand
DLR German Aerospace Cnter 
Research
Butterfass et al. (1998), Liu et al. 
(1998), Liu etal. (1999)
DLR Hand II
DLR German Aerospace Centre 
Research
Butterfass et al. (2001), Borst et al. 
(2003), Butterfnr et al. (2004), 
Haidacher et al. (2003)
Structure Exoskeletal Endoskeletal
Integration Modular Modular
Main upper fingers / /
Opposable thumb / /
Forth finger / /
Fifth finger X X
Overall size much bigger much bigger
Size ratios ignored -
Contact Surfaces Fingertips, Phalanges, Palm Fingertips, Phalanges, Palm
C. S. extension Average Good
Actuator location Palm, Fingers Palm, Fingers
No. Actuators 12 13
No. Joints 16 18
Type of actuators Linear Actuator ( BLDC-based ) D C and BLD C motors
Transmission type Tendons Gears and belts
State sensors
Motor position /  ( commutation hall effect) /  ( commutation hall effect)
Joint position /  ( optical) /  ( potentiometer )
Tendon tension X X
Joint torque / ( strain gauge based) /  ( strain gauge based )
Motor effort X X
Other
Interaction sensors
Temperature ( for safety ) Temperature ( for safety )
Tactile array X X
Other FSR -
Stiffness - -
Underactuation Coupled Coupled
Adaptive mechanism - -
Grasping - -
Manipulation - -
Gesturing - -
Notes Stereo camera in the palm aided by 
laser project from fingertips. 6-axis 
force/torque sensor in the wrist
6-axis force/torque sensor in the 
wrist
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Hand Name
Organisation 
Type of project 
Resources
Shaddow Dexterous Hand InMoov Robot Hand 
Shaddow Robot Company
Commercial Hobby Project 
ShadowRobot, Shadow Robot Com- Langevin (2012) 
pany (2013)
Structure
Integration
Exoskeletal Exoskeletal 
Integrated Integrated
Main upper fingers 
Opposable thumb 
Forth finger 
Fifth finger
/  /  
/  /  
/  /  
/  /
Overall size 
Size ratios
equal equal 
maintained maintained
Contact Surfaces 
C. S. extension
Fingertips, Phalanges, Palm Fingertips, Phalanges, Palm 
Good Good
Actuator location 
No. Actuators 
No. Joints 
Type of actuators 
Transmission type
Remote Remote 
20 6 
24 18 
Air muscles or electric motors RC servo motor 
Tendons Tendons
State sensors
Motor position 
Joint position 
Tendon tension 
Joint torque 
Motor effort 
Other
Interaction sensors
Tactile array 
Other
X /  (internal servo potentiometer)
/  X
/  ( motor version only ) X
X X
/  (temp. & current, used internally) X 
Air muscle pressure
/  ( optional BioTac sensor )
Single region pressure sensor X
Stiffness 
Underactuation 
Adaptive mechanism
Very low
DIP joints coupled to PIP joints Loosely coupled 
/
Grasping 
Manipulation 
' Gesturing
/  /  
/  X 
/  /
Notes 1
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Hand Name
Organisation 
Type of project 
Resources
Adaptive Robot Gripper 
Robotiq 
Commercial 
Robotiq (2012b)
Barret Hand 
Barrett Technology 
Commercial
Barrett Technology (2010)
Structure Exoskeletal Exoskeletal
Integration Modular Modular
Main upper fingers / /
Opposable thumb / /
Forth finger X X
Fifth finger X X
Overall size bigger bigger
Size ratios ignored ignored
Contact Surfaces Fingertips, Phalanges, Palm Fingertips, Phalanges, Palm
C. S. extension Good Good
Actuator location Palm Palm /  Fingers /  Remote
No. Actuators - 4
No. Joints 11 8
Type of actuators - Brushless electric motor
Transmission type - -
State sensors
Motor position - /
Joint position - -
Tendon tension - -
Joint torque / / (  fingertip joint torque sensor )
Motor effort - -
Other
Interaction sensors
- -
Tactile array - /
Other - -
Stiffness Compliant joints -
Underactuation Coupled
Adaptive mechanism / -
Grasping / /
Manipulation / /
Gesturing X X
Notes - -
142
Hand Name
Organisation 
Type of project 
Resources
LARM Hand 3
LARM
Research
Carbone and Ceccarelli (2008)
LARM Hand 4
LARM
Research
Carbone and Ceccarelli (2008), Luo 
(2013)
Structure Exoskeletal Exoskeletal
Integration Modiilar Modular
Main upper fingers / /
Opposable thumb / /
Forth finger X X
Fifth finger X X
Overall size Equal Bigger
Size ratios Maintained Maintained
Contact Surfaces Phalanges, Palm Phalanges, Palm
C. S. extension Good Good
Actuator location Palm Palm
No. Actuators 3 3 (or 4, see notes)
No. Joints 9 9 (or 11)
Type of actuators DC motors DC motors
Transmission type Mechanical linkage Mechanical linkage
State sensors
Motor position - -
Joint position - -
Tendon tension - -
Joint torque - -
Motor effort - -
Other
Interaction sensors
- -
Tactile array X X
Other Piezoresistive force sensors Piezoresistive force sensors
Stiffness High stiffness High stiffness
Underactuation Coupled • Coupled
Adaptive mechanism / /
Grasping / /
Manipulation X /
Gesturing X X
Notes Recent design modification allows 
some within-hand manipulation 
(Luo, 2013)
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Hand Name
Organisation 
Type of project 
Resources
DLR/HIT Dexterous Hand
DLR & HIT
Research/ Commercial
Liu et al. (2008a), Liu et al. (2007),
Jiang et al. (2003), Gao et al. (2003)
DLR/HIT Dexterous Hand II
DLR & HIT
Research
Liu et al. (2008b)
Structure Exoskeletal Exoskeletal
Integration Modular Modular
Main upper fingers / /
Opposable thumb / /
Forth finger / /
Fifth finger X /
Overall size much bigger much bigger
Size ratios maintained maintained
Contact Surfaces Fingertips, Phalanges, Palm Fingertips, Phalanges, Palm
C. S. extension Good Good
Actuator location Fingers Fingers
No. Actuators 13 15
No. Joints 17 20
Type of actuators BLDC BLDC
Transmission type Gears Timing belt and steel wires
State sensors
Motor position S ( hall effect) /  ( hall effect )
Joint position / (  hall effect) /  ( hall effect )
Tendon tension X X
Joint torque /  ( strain gauge ) /  ( strain gauge )
Motor effort X X
Other
Interaction sensors
Temperature Temperature
Tactile array X X
Other 6-axis force/torque sensor at finger­
tips
6-axis force/torque sensor at finger­
tips
Stiffness - -
Underactuation mechanically coupled by rigid link mechanically coupled
Adaptive mechanism - -
Grasping / /
Manipulation - -
Gesturing - -
Notes Commercially distributed as SAH 2-axis accelerometer in palm to mea­
sure absolute orientation
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Hand Name
Organisation
Type of project 
Resources
Hoshino Hand 1
University o f Tsukuba, TechExperts 
Inc.
Research
Hoshino and Kawabuchi (2006), 
Hoshino and Kawabuchi (2005)
Hoshino Hand 2
University of Tsukuba, TechExperts 
Inc.
Research
Hoshino et al. (2004), Hoshino and 
Kawabuchi (2006)
Structure Exoskeletal Exoskeletal
Integration Modular Modular
Main upper fingers / /
Opposable thumb / /
Forth finger / /
Fifth finger / /
Overall size equal -
Size ratios - maintained
Contact Surfaces Fingertips, Phalanges, Palm Fingertips
C. S. extension Average Average
Actuator location Palm, Fingers Fingers
No. Actuators 8 -
No. Joints 14 ( 19) 21
Type of actuators coreless DC motors electric motor
Transmission type gears, wire-pulley, mechanical linkage -
State sensors
Motor position / /
Joint position X /
Tendon tension X -
Joint torque X -
Motor effort X -
Other - -
Interaction sensors
Tactile array X X
Other - -
Stiffness - -
Underactuation Rigid coupling
Adaptive mechanism - '
Grasping - /
Manipulation - -
Gesturing / -
Notes Research aim to perform sign lan­ Pinching. Twisting thumb. Finger­
guage by a robot hand tips actively actuated
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Hand Name
Organisation 
Type of project 
Resources
NAIST Hand
NAIST
Research
Ueda et al. (2005); Ueda et al. (2010)
NAIST Hand 2
NAIST
Research
Kurita et al. (2009), Kurita et al. 
(2011)
Structure Exoskeletal Exoskeletal
Integration Modular Integrated
Main upper fingers / /
Opposable thumb / /
Forth finger / /
Fifth finger X /
Overall size much bigger equal
Size ratios ignored maintained
Contact Surfaces Fingertips, Phalanges, Palm Fingertips, Phalanges, Palm
C. S. extension Poor Good
Actuator location Palm, Fingers Remote
No. Actuators 12 16
No. Joints 1 2 ( 1 6 ) 21
Type of actuators DC and servo ( DC ) motors Servo motors
Transmission type Gear and link mechanism Tendons, gears
Trans, routeing • - Pulleys
State sensors
Motor position / /  ( servo internal encoders )
Joint position - /  ( rotary potentiometer )
Tendon tension - X
Joint torque - X
Motor effort - X
Other -
Interaction sensors
Tactile array X X
Other Vision-based fingertip tactile sensor -
Stiffness - -
Underactuation Rigid mechanical coupling Coupled by rigid linkage
Adaptive mechanism -
Grasping - -
Manipulation - -
Gesturing - -
Notes - -
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Hand Name
Organisation 
Type of project 
Resources
Universal Robot Hand 
Multiple academic collaborators 
Research
Nakamoto et al. (2006)
Yamano Five Fingered Robot Hand 
Keio University, Japan 
Research
Yamano et al. (2003), Yamano and 
Maeno (2005)
Structure Exoskeletal Exoskeletal
Integration Modular Modular
Main upper fingers / /
Opposable thumb / /
Forth finger / /
Fifth finger / /
Overall size much bigger equal
Size ratios - maintained
Contact Surfaces Fingertips, Phalanges Fingertips
C. S. extension Average Average
Actuator location Fingers Palm, Fingers
No. Actuators 15 20
No. Joints 20 20
Type of actuators miniature DC motor ultrasonic motors
Transmission type gears elastic tendons
State sensors
Motor position / (  rotary encoder ) /  ( potentiometer )
Joint position X /  ( potentiometer )
Tendon tension X X
Joint torque / X
Motor effort X X
Other
Interaction sensors
- -
Tactile array / X
Other - -
Stiffness
Underactuation Rigid coupling
Compliant joints and transmission
Adaptive mechanism - -
Grasping - -
Manipulation - -
Gesturing - -
Notes Hand used as test bed for stiffness 
control and tactile object recognition 
research
Force control achieved by comparing 
motor and joint position taking in ac­
count tendon elasticity
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Hand Name
Organisation
Type of project 
Resources
Anthropomorphic Robot Hand 
University of Malta
Research
Saliba etal. (2005)
Compact Dexterous Robot Hand 
University o f Malta, Industrial Au­
tomation Laboratory 
Research
Saliba and Axiak (2007)
Structure Exoskeletal Exoskeletal
Integration Integrated Integrated
Main upper fingers /  ( index replaced by ring finger ) /
Opposable thumb / /
Forth finger X /
Fifth finger X X
Overall size equal equal
Size ratios. - ignored
Contact Surfaces Fingertips, Phalanges Fingertips, Phalanges, Palm
C. S. extension Average Poor
Actuator location Remote Remote
No. Actuators 5 8
No. Joints 8 12
Type of actuators DC motor with servo controller DC motors
Transmission type Flexible sheathed cables Flexible sheathed cables
State sensors
Motor position / / (  cable position at actuator side )
Joint position X -
Tendon tension - /
Joint torque - -
Motor effort - -
Other
Interaction sensors
- -
Tactile array - X
Other - -
Stiffness Compliant transmission and coupling 
(springs)
Compliant transmission
Underactuation Mechanically coupled Mechanically coupled
Adaptive mechanism - -
Grasping - -
Manipulation - -
Gesturing - -
Notes - -
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Hand Name
Organisation 
Type of project 
Resources
Seguna Dexterous Robot Hand 
University o f Malta 
Research
Seguna and Saliba (2001)
E1u 2  Hand 
Elumotion 
Commercial
(Elumotion), (Elumotion, 2010)
Structure Exoskeletal Exoskeletal
Integration Modular Modular
Main upper fingers / /
Opposable thumb / /
Forth finger X /
Fifth finger X /
Overall size - equal
Size ratios maintained maintained
Contact Surfaces Fingertips, Phalanges Fingertips, Phalanges, Palm
C. S. extension Poor Good
Actuator location Remote Palm, Fingers
No. Actuators 1 9
No. Joints 9 (plus manual rotation at finger base) 11
Type of actuators Stepper motor. Servo motors
Transmission type cable and pulley /  sheathed cable -
State sensors
Motor position X -
Joint position X -
Tendon tension X -
Joint torque X -
Motor effort X -
Other
Interaction sensors
- -
Tactile array X -
Other FSR on fingertips -
Stiffness
Underactuation
- -
Adaptive mechanism - -
Grasping - -
Manipulation - -
Gesturing - -
Notes Infrared proximity sensors and 
electro-mechanical tension limiting 
mechanism
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